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SUMMARY
A non-destructive inspection system using 50MHz ultrasound has been 
developed. The system has been designed to provide magnified visual 
images of the interior of solid materials. An ultrasonic transducer 
is scanned across the specimen to produce these images and 
consequently the system has become known as the Scanning Acoustic 
Microscope (SAM).
The principles of operation of the SAM have been described in terms 
of wave theory and the electronic and computer sub-systems of which 
it is comprised.
Images are presented on a computer monitor in eight colours. The 
colour of each picture point, or pixel, is determined by the 
amplitude of a reflection from the specimen. As the transducer scans 
in a raster pattern over the specimen a video cursor scans over the 
video memory in the computer and each pixel is coloured in turn. 
Thus the image is built up in real time as the transducer is scanned. 
The maximum range of scan is 300 x 300mm in the horizontal plane and 
200mm vertically. The spatial resolution in all three axes is 7.5 
microns.
Applications in several areas of engineering and one medical area 
have been developed. The underlying principles of each inspection 
situation are described and results reported. These areas include 
inspection and evaluation of various forms of bond, volumetric 
inspection, particularly of engineering ceramic materials and the 
slcin, and a measurement problem in the gas turbine industry.
All the work reported has been undertaken on behalf of customers of 
Fulmer Research Institute Limited and it therefore represents a 
series of practical problems and solutions across a wide spectrum of 
industry.
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INTRODUCTION
This thesis describes the development and application of a computer 
based, ultrasonic imaging system. The system has the capability of 
producing magnified images of the surfaces or internal features of a 
specimen and so it has become known as a Microscope. The nature of 
its imaging mode has caused it to be known as a Scanning Acoustic 
Microscope, now almost always referred to as the SAM.
Systems which make use of ultrasonics and computers for generating 
data concerning the internal features of specimens are not uncommon. 
However, the particular requirements that brought about the concept 
of the SAM could not be met with any existing equipment and 
consequently a development was initiated by the author. This had a 
twofold aim; firstly to meet the needs of the pre-existing research 
requirements already identified, and secondly to create a new market 
area within which to operate the equipment.
There is a wide range of equipment which operates within what can 
loosely be termed conventional ultrasonic technology (using 
frequencies up to and including 10MHz), whilst several groups, mainly 
working in universities, are developing instruments and techniques 
which make use of ultrasonic energy in the regime of 150 to 1000MHz 
and beyond. Whilst both these areas of technology have their 
important places, they leave an undeveloped frequency regime between 
them in the range from approximately 30 to 150MHz. There are good 
reasons for this. The universities find intellectual challenge in 
the instrumentation and theoretical possibilities of what might be 
termed very high frequency ultrasonics. Quite properly much of their 
work is of a fundamental and esoteric nature. The major suppliers 
and users of ultrasonic equipment on the other hand find that 
existing techniques provide satisfactory performance for most 
requirements and consequently there is no market force to move to
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this frequency gap; for this reason the term Intermediate Frequency 
(IF)* has been coined by the author. The environment in which the IF 
SAM was developed lends itself to the concept of identifying and 
filling such gaps in technology. The Fulmer Research Institute, at 
which the SAM was developed by the author, is positioned between the 
universities and industry and as such is in contact with the needs of 
the latter, and the emerging technology of the former. All of 
Fulmer's work is prob lem- lead. In other words all the systems and 
applications described here have been implemented in response to a 
requirement brought to Fulmer by its customers. Thus the work is 
entirely applied in its nature and all the results have been supplied 
to customers before inclusion in this thesis.
This approach forms the underlying theme running through the thesis 
and it will be observed that in many cases theoretically complete 
backgrounds to problems have not been developed because the solution 
to the problem did not require it. Recent work, involving SAM 
techniques in metrological applications, has demanded a more detailed 
mathematical treatment and this is presented in Chapter 5. Other 
work, particularly that of evaluation of engineering ceramics 
described in Chapter 4, is at an early stage of development within 
the U.K. A great deal of activity is foreseen in the near future to 
enable quantitatively based decisions to be made on these materials.
* The term Intermediate Frequency, IF, as used in this thesis refers 
specifically to the region of ultrasonic frequencies lying between 
the well established, conventional equipment regime of 1 to 10MHz 
and the very high frequency systems in the 300 to 1000MHz regime; 
it refers to the range of frequencies 30 to 100MHz at present.
The term IF should not be confused with the same term used in 
electronic engineering which describes the central sections of 
various items of equipment, n o t a b l y  those based on 
superheterodyning, where a local oscillator frequency is mixed 
with an incoming signal frequency to produce an Intermediate 
Frequency.
Whilst the capabilities of the SAM are presently proving most useful 
it is recognised that more rigorous theoretical approaches must be 
made, and consequent signal processing algorithms implemented, to 
provide the true decision making capability required by ceramicists 
and engineers.
This thesis thus describes the current state of development and some 
current applications of the SAM. As experience of the operational 
characteristics and capabilities grow so does the variety of problems 
addressed. Involvement in the various technologies of bonding, 
ceramics, metrology and latterly, medicine, will ensure that the 
system will continue to evolve. At the time of preparation of this 
thesis five SAM systems supplied by Fulmer are being operated in 
various organisations, including Rolls Royce Military Engines 
Division and British Telecom. One system remains at Fulmer for 
further development of techniques and applications and the remaining 
two systems are with a defence organisation and medical 
establishment.
The principles and practice of ultrasonic inspection and evaluation 
have been in use for more than 50 years. The demands of the post 
World War II years brought a greater requirement for quality 
assurance in engineering materials and non-destructive testing became 
an accepted engineering procedure. The nature of the equipment and 
techniques for non-destructive testing has meant their development 
has been generally in-line with the development of electronic and 
computing technologies.
Conventional ultrasonic techniques have reached a high level of 
sophistication and are accompanied by an enormous amount of 
literature. The accepted standard work since the early 1950s is
(I)Ultrasonic Testing of Materials' by H, and J. Krautkramer and this 
contains an extensive bibliography covering most aspects of the use 
of ultrasound. The subject matter in this thesis is diverse and 
consequently each Chapter refers to the appropriate sources of 
literature.
-  4  -
The very high frequency systems were introduced by Professor Calvin
(2)Quate at Stamford University in 1974v and have been developed since 
then at various centres, notably in the U.K. at University College,
f 3)London under the leadership of Professor Ashr and at Oxford 
University under Dr. Briggs^.
The SAM described in this thesis is the first equipment to be 
directed at industrial problems by making use of the resolving 
capability of Intermediate Frequency ultrasound and the control and 
imaging afforded by microprocessors. Two applications were the 
initial driving force for the equipment; firstly electronic 
integrated circuit inspection, and secondly inspection of a diffusion 
bond between uranium and Zircalj|>|;j|x's an alloy of zirconium. The 
integrated circuits were typically 10mm square or smaller and the 
diffusion bonded component was 150mm in its largest dimension. The 
SAM was therefore developed to deal with this order of specimen size 
and eventually was constructed to be able to cover an area of 300 x 
300mm. Specimens of larger size than this can be inspected by 
suitable positioning under the equipment. This inspection capability 
has been found to be suitable for a wide range of applications from 
the aerospace, telecommunications, manufacturing, automotive and 
marine industries.
The thesis is organised in four main technical Chapters. Firstly the 
principles and modus operand! of the SAM are discussed. The 
ultrasonic beam is described in terms of diffraction limited wave 
theory and the means to providing optimum information generation is 
developed from that.
Following this Chapter there are three further Chapters, each 
describing an area of application. These are Bond Inspection, 
Volumetric Inspection and a metrological application, Thickness 
Gauging the depth of a small sub-surface hole.
The application Chapters are presented in order of complexity in 
terms of signal processing demand on the system. The Bond Inspection 
Chapter deals principally with silicon integrated circuits and the 
uranium/Zircal^ybond which originally gave rise to the system. The
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Volumetric Inspection Chapter contains the work on ceramics, 
particularly Silicon Nitride, which has been underway for some time 
but has only recently begun to gain momentum. This Chapter also 
includes a description of the medical work to which the SAM has very 
recently been applied. This particular development parallels that of 
engineering applications of the SAM; there is a vast array of 
knowledge and practice at conventional frequencies (1 to 10MHz) for 
deep body imaging but virtually none for near-surface, hence high 
frequency, techniques. It is a natural transfer of technology for 
the SAM to be involved in the medicinal area of Dermatology and in 
the nine months preceeding the preparation of this thesis the 
equipment has attracted considerable attention.
The final applications Chapter describes the use of the SAM 
capabilities for solving a measurement problem. A particular type of 
blade in the gas turbine industry has a series of holes of 0.25mm 
diameter drilled parallel to a surface at a separation sometimes as 
small as 0.1mm. The requirement is to gauge the subsurface depth of 
these holes. This presents two problems. Firstly, the holes are 
drilled on 0.35mm pitch and so even locating each hole uniquely would 
be very difficult without the SAM capability. Secondly, the diameter 
of the hole, and its proximity to a flat reflecting surface, means 
that the reflection from the surface dominates that from the hole, 
making measurements impossible by normal techniques. A mathematical 
and electronic signal processing system have been developed and added 
to the SAM to provide this measurement capability.
The basis of all the work in this thesis is the SAM. However, the 
diversity of problems to which the SAM has been applied has lead to 
the development of new techniques and equipment based on it. In 
particular the system attracts the problems which have been "attacked 
with everything else" and as such it forms an ideal starting point 
for a new technique development. Ultrasonic non-destructive 
inspection is inherently quantitative but has traditionally been an 
empirical practice. The major effort now underway throughout the 
industry is to change this situation. The analyses presented here 
are concerned with the capabilities of the SAM. Some of the 
analytical predictions remain substantially untested, particularly in
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the important area of ceramics inspection, and it is in this area 
where work continues, both at Fulmer and in the organisations making 
use of the SAM equipment, to enable quantitative decisions to be made 
on material quality. The medical application of the SAM is now at a 
stage where clinicians are becoming involved to interpret the images 
obtained from the SAM. The early indications are most encouraging 
and eventually a useful diagnostic tool will be made available to 
clinicians.
The author of this thesis is leading a team of engineers, scientists 
and technicians who all contribute towards a goal in the most 
effective way possible. For that reason the author wishes to make 
clear that all the equipment, solutions to problems and applications 
described in this thesis originated from his own ideas and are 
therefore his intellectual property, properly assigned to Fulmer, but 
none of the implementations would have been possible without the 
skill and dedication of his colleagues in developing equipment and 
software to the author's specification.
The author has the firm belief that the privilege of working in a 
research and development environment should be enjoyed. The hope is 
therefore that the following Chapters convey some of the sense of 
excitment as a solution to a problem emerges from the hours of 
individual effort and collaboration with colleagues. It was 
Professor Richard Feynman who said, "Physics is Fun"; ultrasonics is 
a part of that great Science.
-  7 -
2 . THE OPERATING PRINCIPLES AND PERFORMANCE OF THE INTERMEDIATE 
FREQUENCY SCANNING ACOUSTIC MICROSCOPE
2 .1  In trod u ction
The IF SAM is used primarily to obtain information from within the 
volume of optically opaque solids. The performance of the system 
must therefore be described in terms of its ability to detect 
internal features, its resolution, sensitivity and limitations. 
Furthermore the way in which acoustic systems create images introduces 
considerations which have to be taken into account when describing 
overall performance.
The interrogating energy source in an optical microscope is light and 
in an electron microscope a beam of electrons; in an acoustic 
microscope the energy source is sound. In the IF SAM the sound 
frequencies are in the range 50 to 100MHz. In all cases the energy 
source can be described as wave-like and the fundamental 
relationships which determine the performance and characteristics of 
each system can be described by classical wave theory.
The propagation velocity of ultrasound is low compared to that of
o / *1either light or electrons; of the order 10 to 10 ms" for ultrasound
Q  ^Icompared to 3 x 10 ms for light. Thus in the range of, say, 1 to
100MHz, ultrasound has wavelengths of 1 Qifty-fito 10 microns whichL\J&u
enables its use in the study of many of the features which are of 
importance in engineering materials.
This section describes the manner in which ultrasonic information is 
derived from a solid specimen, the factors which influence that 
information and the way in which a description of the complete system 
performance can be established.
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There are two basic modes of operation of ultrasonic systems. In the 
first, energy is transmitted through the specimen by a pair of 
transducers acting as transmitter and receiver; in the second a 
single transducer acts as both a transmitter and a receiver to send 
ultrasound into the specimen and then monitor any echoes which are 
reflected from internal features. These modes are shown 
schematically in Figure 2.1 and are known as through-transmission 
and pulse/echo. The IF SAM operates exclusively in pulse/echo mode 
and consequently through-transmission is not considered further.
2.2 Modes of Operation
Specimen
Pulse Echo
Figure 2.1 B asic Modes o f  U ltra s o n ic  In sp ection  Systems
2 .2 .1  Pulse Echo
The IF SAM is normally concerned with producing information about 
features within solid specimens. It is usually necessary to 
determine the position of the feature in the specimen. If pulses of 
ultrasound are used then position in the propagation direction is 
obtained by time of flight measurement. If this is combined with 
lateral transducer position coordinates relative to the specimen, 
three-dimensional spatial data are obtained.
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A typical pulse shape used in the IF SAM is shown in Figure 2.2. It 
has a duration of, ideally, one cycle but this is rarely achieved in 
practice; two or three cycles are much more common.
Figure 2 .2  T y p ica l Pulse Shape in  IF SAM System
The term pulse/echo is derived from the familiar audible analogy 
where a shout launched in a suitable valley will produce an echo at 
some later time. If the velocity of propagation is known then the 
separation of source and reflector can be calculated from this time 
delay. This process forms the basis of the great majority of 
practical ultrasonic inspections and material characterisations.
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There are three basic modes of information presentation associated 
with non-destructive testing. These are A-scan, B-scan and C-scan. 
Each mode is shown schematically in Figures 2.3, 2.4 and 2.5.
2.2.2 Information Presentation
U L
WaTertJath
Transducer
Specimen
f t
Defect
Amplitude
- - .
Time
Figure 2.3 Schem atic o f  A -scan  Mode. One Dimension o f  
P o s it io n  In form ation  -  Depth
The A-scan, Figure 2.3 is the time varying voltage output of the 
transducer generated by reflected ultrasonic energy; it is the 
electrical expression of the echoes from the specimen displayed on an 
oscilloscope. Time is displayed as the x axis and amplitude of the 
echoes on the y axis. When the velocity of propagation of ultrasound 
is known for each material that is traversed by the ultrasonic pulse, 
time, on the A-scan trace, can be directly related to distance. This 
mode is therefore most important in locating the position of features 
such as cracks in welded structures, inclusions in castings and 
de1aminations in sheet materials. It does not, however, give an 
easily interpretab 1 e indication of extent or character of a 
particular feature.
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Figure 2.4 Schem atic o f  B -scan Mode. Two Dimensions o f  
P o s it io n  In form ation  -  a "Gross S ection "
The B-scan mode, Figure 2.4, makes use of a set of A-scan traces from 
adjacent transducer positions. In this mode a cross-sectional image 
of the specimen is generated by traversing the transducer in a single 
line across the specimen and plotting the resulting A-scans in a form 
in which the amplitude of the A-scan at any point is represented by 
the intensity of a display medium (such as storage oscilloscope or 
computer image). Thus the B-scan has two axes of length, namely 
distance across the specimen and depth into it (assuming ultrasonic 
velocity is known), and a third axis of amplitude (represented by 
intensity). Normally the x axis corresponds to position along the 
scan, the y axis to depth in the specimen and the "Z" (the CRT 
brightness or a false colour representation) to amplitude. Thus a 
cross-sectional image is generated in which reflectors appear as 
bright, or false-coloured, regions. For purposes of illustration 
Figure 2.4 shows x as depth into the specimen and y as distance along
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Figure 2 .5  Schem atic o f  C -scan Mode. Two Dimensions 
o f  P o s it io n  In form ation  -  a "P lan View"
The C-scan, Figure 2.5, forms a plan view of features and defects 
within the specimen under examination. It provides information on 
position, conventionally in x and y, but does not directly indicate 
depth. However, in practice the instrumentation used to generate C- 
scans gives some indication of depth. The transducer is scanned in a 
raster pattern in the x,y plane and for each A-scan received a 
particular time segment, and therefore a particular depth segment, is 
electronically selected and the maximum echo amplitude in that 
segment is measured. This amplitude gives rise to a corresponding 
proportional D.C. voltage. This in turn is used to modulate the 
intensity of a CRT display, in synchronism with the transducer 
position, or more importantly to provide a digital amplitude value to 
be stored in a computer along with associated transducer position 
coordinates. Images are then constructed by assigning colours to 
pixels according to amplitude, and pixel position according to the 
x,y coordinates.
The IF SAM is normally operated in the C-scan mode for imaging
purposes but for special applications B-scan is available. The
A-scan is used continuously as a means of monitoring instrument
%
response but only as an oscilloscope display; it is rarely recorded.
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2 .3 .1  U ltrasound G eneration
Ultrasound is generated in the IF SAM by applying an electrical 
signal to a piezoelectric element. This causes mechanical 
deformation of the crystal in a manner determined by the 
piezoelectric properties, physical dimensions and mounting 
arrangements of the crystal.
To a first approximation the transducer (defined as the piezoelectric 
crystal suitably mounted and electrically connected) acts as a piston 
radiator producing a uniform output across its face. In practice 
this is often a satisfactory assumption even though multimode 
oscillation of the crystal and edge leakage effects have to be 
considered to get exact solutions to an operational model.
The form of the resulting beam is described by diffraction effects as 
in any wave like situation. This has been reported extensively in the 
1 iterature^5 ^  and whilst exact analytic solutions are not 
commonly derived, satisfactory numerical solutions have been found.
The acoustic beam from a flat piston oscillator diverges at an angle 
determined by the dimensions, frequency and propagation velocity of 
the system involved. This form of transducer is not used in the IF 
SAM and consequently is considered only at this superficial level. A 
far more useful beam form is that which converges to a focal point. 
The usefulness and limitations of this are discussed in the following 
sections,
2 .3 .2  Focussing
From the basic principle of pulse/echo operation shown in Figure 2.1 
it can be shown that the lateral resolution and the amplitude of 
reflected signals from a small reflector can be improved by using a 
focussed ultrasonic beam. This is shown schematically in Figure 2.6.
2.3 The Ultrasonic Beam and its Interaction with the Specimen
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Figure 2 .6  The E f fe c t  o f  Focussing when Imaging Flaws as the 
Transducer i s  Scanned from L e ft  to  R ight
Figure 2.6(a) shows a beam from a flat transducer (piston oscillator) 
scanning a feature in a block of material where the dimensions of the 
feature are larger than those of the beam. Various conventions apply 
for "sizing” the feature from this situation. In particular the 
position at which the reflected amplitude drops to 50% or -6dB of its 
maximum amplitude is often defined as the feature edge. The reverse 
situation applies in Figure 2.6(b). In this case the feature 
effectively profiles the beam. Thus it is advantageous to keep the 
beam diameter as small as possible if maximum resolution is to be 
obtained, Figure 2.6(c). Furthermore, the proportion of energy 
incident on a given small feature is greater for a focussed beam and 
consequently the signal to noise ratio of returning echoes is 
improved.
It should be pointed out that in many situations a compromise is 
required between beam diameter, scanning pattern and minimum feature 
size to be detected because in a practical system these all affect 
inspection time, which for commercial considerations can be the 
limiting factor.
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The practical constructional details of a typical IF SAM transducer 
are shown in Figure 2.7.
2.3.3 Transducer Construction
- C o n n e c t o r
Lens.
“Piezoelectr ic  Crystal
luartz  Rod
‘ro tec t i ve  Case
.Rubber Ring
Figure 2 .7  Schem atic C on stru ction  o f  the IF SAM Transducer 
and Photograph o f  the Lens
The piezoelectric crystal is bonded to one end of a fused quartz rod 
some 25mm in diameter. The ratio of rod to crystal diameter is such 
that reflections from the sides of the rod do not occur in the time 
interval between the first and second reflections from the end of the 
rod. The focal length of the lens is such that reflections from the 
focal plane in water occur between the first and second rod 
reflections. At the other end of the rod a concave cavity, of 
spherical form, is ground to produce a focussing lens. This approach 
permits the use of a flat crystal to produce a converging ultrasonic 
beam. This is important in practical and economic terms as 
operational frequencies in the 50-100MHz region demand crystals with 
thickness of a few tens of microns and these would be prohibitively 
difficult to engineer as curved elements. By separating the element 
and lens the practical problems are minimised.
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The rod with its element attached is mounted in a protective steel 
tube and suitable electrical connectors are added. This results in a 
reasonably robust device which can if necessary be totally immersed 
in water.
The important parameters of the transducer include the piezoelectric 
crystal diameter, 6.3mm, the diameter of the lens (or more precisely 
the aperture of the concave element), 6.3mm and a quartz rod length 
of 85mm which gives a delay between successive echoes in the quartz 
of 20 (is. The delay between the quartz/water interface and a 
reflection from the focal plane at 12.5mm in water is 16.9 (is. Thus 
this reflection occurs between the first and second quartz 
reflections. The radius of curvature of the focussing lens is 
1 9 , l ;7 iqm:y^
The lens diameter is smaller than that of the quartz rod. This 
results in energy being transmitted from the end of the rod not only 
via the concave area but also the flat area. This can cause 
confusing reflections under some circumstances and consequently a 
rubber washer is normally attached to the rod with a waterproof 
grease. At the normal probe operating frequency this effectively 
attenuates any energy radiating from the flat portion of the lens and 
reduces the beam to that emerging from the concave lens.
For some applications it is necessary to reduce the ratio of focal 
length to lens aperture so as to limit the angle of incidence of rays 
from the outer edge of the beam, Section 2.3.7. This can 
conveniently be achieved by varying tbe diameter of the central hole 
in the rubber washer.
2o3„4 Beam C h a ra cte r is t ic s
Unlike optical and electron imaging systems, the acoustic system has 
to deal with ultrasonic velocities which vary widely in any given 
inspection situation. The quartz lens is immersed in water and sound 
propagates across the water column to the solid specimen. The
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velocities of some typical materials are shown in Table 1 which shows 
a variation of velocity up to eight times between water and some 
solids of interest.
M ateria l L on gitu d in a l V e lo c ity  A cou stic  Impedance
— 1o f  sound (Pasm )
(ms
Air 0.33 X 103 0.00033 X 106
Water 1.48 X 103 1.48 X 106
Steel 5.9 X 103 46.0 X 106
Alumina 9.0 X 103 32.0 X 106
Copper 4.7 X 103 41.6 X 106
Uranium 3.4 X 103 63.0 X 106
Silicon Nitride 10.5 X 103 28.0 X 106
Silicon Carbide 12.0 X 103 33.6 X 106
Silicon 7.4 X 103 19.7 X 106
Table 1 A cou stic  P rop e rtie s  o f  Some M ateria ls Examined Using 
IF SAM Techniques
The consequence of this wide range of velocities is that any non­
normal part of an ultrasonic beam incident on a water/solid interface 
or vice versa will suffer considerable refraction at the interface. 
It is therefore necessary to consider the various factors which 
contribute to the ability of a particular transducer/specimen 
combination to achieve a satisfactory focus.
In most practical cases of ultrasonic inspection, the focal length 
and aperture of the lens are such that Gaussian considerations are 
not valid and the concept of a point focus does not apply.
In the absence of the specimen, the Gaussian model requires that all 
rays come together to form a point focus at the radius of curvature. 
However, if the aperture of the focussing • lens is large compared with 
the wavelength of the ultrasound the simple geometrical model of 
focussing is not valid because of diffraction. As in optics there 
are regions of constructive and destructive superposition. It is 
these which constitute and characterise the focal region.
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2 .3 .5  D if fr a c t io n  L im ited F oca l C h a ra cte r is t ic s
2 o3 .5 .1  A x ia l P ressure V a ria tion
The theory of focussing radiators has been developed by several 
authors^’9 , In each case the pressure and intensity of sound at 
various positions within the sound field can be calculated and the 
theory used to predict the focal characteristics.
( 1 1 )One analysis' 7 provides the focal characteristics from a starting 
point which considers each element of the spherical lens as an 
individual radiating element. By integrating the intensity at a 
field point caused by each axisymmetric element at a given radius, 
and then integrating the cumulative effect of elements at all radii, 
the resultant sound field at each field point can be calculated.
If the normal velocity of a spherical radiating surface S is 
represented by a velocity u where
and uQ is the velocity amplitude, w is the angular frequency and t is 
time, the resulting velocity potential, ip , in the region in front of 
the surface can be represented by
dS (1)
where lc = w/c = 2 tt / X , c is the velocity of propagation and X is the 
wavelength. Figure 2.8 gives the geometry and nomenclature showing 
that s is the distance from a source point Qp in the surface element 
dS to the field point Q at which ip is to be evaluated. The point C is 
the centre of curvature of the spherical surface and its radius is F. 
0 is the pole of the surface.
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F
Figure 2 .8  Concept o f  the Lens and S oundfield
The integral (1) can be evaluated for all positions of Q to map the 
whole sound field in front of the transducer. However, for practical 
purposes interest is greatest near the axis and in the focal zone.
The solution for the acoustic pressure p along the axis of symmetry 
gives the expressions.
p = 2ipcuQ sin[lc(B - x)]ei a^)t ” (2)
(1 - x/F) 2
where M = ( B + x ) / 2  (3)
B = ((x - h)2 + a2)1 (4)
where the various parameters are shown in Figure 2.9, and P is the 
mean density of the medium in front of the transducer.
So the pressure amplitude at an axial point Q is a function of the 
differing acoustic path lengths between the various radiating 
elemental areas on the transmitting surface and points on the axis.
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Figure 2 .9  Geometry o f  the Lens and S oundfield
In general it is difficult to measure the absolute magnitudes of 
acoustic parameters. However, for almost all practical situations in 
non-destructive inspection it is more important to have relative 
magnitudes of pressure amplitude; the expression relative may refer 
to the variation of the pressure with respect to some normalising 
factor or to an amplitude from a reference reflector.
The variation of relative axial pressure amplitude, P, as a function 
of axial distance is given by
•Pi JT
P.a ' ‘- p. V 1 ' ■ a: •; -2; \-;t .• V s in‘V [ lq,( B - x) ], (5)
' • 9:c • • x / F )  ' "V rAAi'l '.:2 V '
where pcuQ is a reference pressure equal to the pressure amplitude 
averaged over the radiating surface.
Figure 2.10 shows the relative axial pressure amplitude, P, as a 
function of axial distance, computed from Equation (5), using the 
parameters associated with the transducer used in the IF SAM. The 
figure also shows the pressure function for a plane transducer with 
the same dimensions (i.e. an infinite radius of curvature).
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F igure 2 .10  T h e o re t ica l R e la tiv e  Pressure Amplitude 
Versus A x ia l D istance
The relative pressure amplitude appears with both positive and 
negative values which indicate phase changes which occur along the 
axis. The maximum pressure occurs at the radius of curvature and the 
amplitude produced by the focussed transducer is over thirty times 
greater than that from a plane device of the same diameter and 
operating frequency.
2 .3 .5 .2  Beam C h a r a c te r is t ic s  in  the F oca l Region
The analysis of the previous section leads to the concept of a focal 
region and it is necessary to calculate in greater detail the 
dimensions associated with this region so that the optimum SAM 
parameters for each examination can be implemented. In the limit it 
is the increased pressure amplitude in the focal region, shown in 
Figure 2.10, which leads to an enhanced signal to noise ratio for a 
given reflector, and thus improved detection capabilities. 
Similarly, from Figure 2.4, the resolution of a feature is improved 
by reducing the lateral extent of the sound beam in the focal region.
The terminology used to describe the focal region is shown in Figure 
2 . 1 1 .
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F igure 2.11 D e f in it io n  o f  Parameters used to  D escrib e  the 
Extent o f  the F oca l Region
The width and length of the focal region are defined with respect to 
the maximum pressure encountered along the axis. Thus for instance a 
-6dB point (commonly referred to as a 6dB drop or 6dB point) occurs 
when the amplitude has fallen by a factor of 2 (6db) from the maximum 
amplitude.
The variation of the pressure amplitude in the focal plane is derived 
from Equation (1) and, taking into account the axio-symmetry of the 
radiator, produces a series of concentric rings of ultrasonic 
pressure amplitude. These are equivalent to the optical counterpart 
of Airy's rings. The pressure, P(r), in the focal plane at distance 
r from the axis is
P(r) = Pmax2J1 (krsina) (6)
krsina
where Pmax is the pressure on the axis and sina = a/F. As usual the 
absolute magnitude is neglected.
- 23 -
krsina = 1.22tt (7)
and so the radius of the central region, or Airy disc is
The first zero of amplitude occurs when
rj, = 1 . 2 2 -it (8)
ksin a
but k = 2 7r/Xand sin a = a/F
therefore r-^ = 0.61 XF/a = 1.22xF/d (9)
where F can now, for convenience, be called the focal length. Also
d=2a, the lens diameter, and X the wavelength.
Thus er/2 may be stated as equivalent to r^ , the Airy disc radius and 
therefore the width of the focal region is
er = 2.44 XF/d (10)
For purposes of ultrasonic scanning (C-scanning) it is convenient to
define two further beam widths where in the first case the edges of 
the beam are 6dB below the maximum pressure and in the second they 
are IdB below the maximum pressure.
From Equation (6) these can be shown to be approximately
er = 1.22 XF/d (11)
-6
er = 0.4 XF/d (12)
- 1
The depth of focus of the beam is dependent on the phase
relationships of wavefronts arriving at points along the axis and is
(12)classically defined by the Rayleigh Quarter-wave limit' . This 
states that for waves arriving at a point on the axis, phase 
differences for rays from the centre and extreme edge of the lens
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should be no more than one quarter wavelength out of phase. Relating 
the pressure along the axis to the position of maximum pressure (the 
focal point) gives the expressions for depth of focus as
%
“6
- 1
8 X (F/d)2 
4 x(F/d)2 
2 X(F/d)2
(13)
(14)
(15)
where e and e are regions whose edges are 6dB and ldBx x
-6  - 1  
respectively lower than the maximum pressure.
Thus, for a nominally 50MHz transducer the various parameters are 
shown in Table 2.2. In practice the transducer produces ultrasound 
at 40MHz at the focal plane and thus this frequency is used to 
calculate the wavelength and consequent parameters.
Transducer Parameters U ltra son ic  Parameters
Focal length in water = 12,5mm 
Lens diameter = 6.3mm
Velocity in water = 1480ms 
Frequency = 40MHz
Wavelength - 0.037mm
- 1
Width o f  F oca l Region (mm) Depth o f  F ocal Region (mm)
-6
- 1
0.179
er “ 0.089
er = 0.030
' X
-6
- 1
= 1.16 
= 0.58
= 0.29
Table 2o2 Beam Dimensions fo r  I 0F, SAM Transducer in  Water
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The mode of operation of this system means that invariably the 
specimen is immersed in water which acts as a couplant medium for 
sound to propagate between the lens and specimen and vice versa. 
There is thus a large velocity mismatch at the water/specimen 
interface with consequent refraction effects for any non-normal- 
incidence components of the ultrasonic beam.
Referring to Figure 2.12, the converging beam is modified according 
to Snell's Law.
sin 02 = c2 sinS-^  (16)
where 0-^ and 02* c-^ and C2 are angles to the normal and velocities in 
mediums 1 and 2 respectively. The aperture of the lens is d-^ and the 
focal length in water is Fp The aperture of the beam as it enters 
the solid is d2 and the depth of the focal plane below the surface of 
the solid is F2. The effect of refraction is to reduce the depth of 
the focal point beneath the surface of the solid approximately in the 
ratio of the velocities C2 and Cp (assuming that C2 is greater than 
c -j ).
2.3.6 Refraction Effects
Figure 2 .12  The E ffe c t  o f  R e fra c tion  when the Focussed 
Beam Enters a S o lid  Medium
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where c is the velocity of propagation, and f is frequency and X is
the wavelength, shows there is an increase in wavelength (assuming
the specimen has a higher velocity of propagation than water, which
in practice it invariably has) in proportion to the velocity ratio.
The fundamental relationship
c = fX (17)
Thus
X2 — c2 X^  (18)
However, Snell's Law shows that there is a decrease in F2/d2 
approximately in proportion to the velocity ratio when compared to 
Pl^ dl* Hence
F 1  = c 2 F 2 <1 9 >
dl  C1 d2
combining these effects reveals that the diameter of the focal zone 
becomes independent of either the absolute velocity of sound in the 
specimen, or the ratio of this velocity with that in the coupling 
medium (normally water).
Therefore
e r  = e r  (20 ) 
water specimen
Furthermore this means the lateral resolution of the system is not a
function of the specimen. This is illustrated schematically in
Figure 2.13, where er in steel is the same as er in silicon although
3 -1the velocity in silicon is 10.5 x 10 ms and in steel it is only
5.9 x 103ms~1.
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Figure 2 .13  E f fe c t  o f  R e fra c tio n  fo r  D iffe r e n t  S o lid s  
Under Id e n t ic a l  C onditions
The length of the focal region along the axis however, varies as the 
square of the (F/d) ratio. Thus the Snell's Law effect will dominate 
the increase in wavelength and the length of the focal region, ex 
will be compressed in the ratio of the two velocities. This is also 
shown in Figure 2.13.
There is a further important consequence of refraction in practical 
systems; this is its effect on the maximum working depth.
From Figure 2.9 it is seen that the minimum water column length is h, 
i.e. when the outer perimeter of the lens comes into contact with the 
specimen. Thus the maximum depth of the focal plane in the specimen 
is the focal length in water decreased by the velocity ratio, i.e. 
F2max ~ F1c1^c2* Thus for specimens of differing velocities, 
differing maximum penetration depths are available for a given 
transducer configuration.,
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Figure 2 .14 The L im it o f  Subsurface Depth o f  F ocal Plane fo r  a 
Given Transducer w ith  Two S o lid s  w ith  D iffe r e n t  
Sound V e lo c ity
In Figure 2.14(a) the transducer is transmitting into water and £r 
and ex are as calculated in Table 2.2. In Figure 2.14(b) a steel 
'specimen is introduced and the depth of the focal plane in the 
material and the focal region dimensions are calculated. In Figure 
2.14(c) the steel specimen is replaced by silicon and the consequent 
changes in the position of focus and in the beam dimensions are seen. 
Note the length of the water path is unchanged between Figures 
2.14(b) and 2.14(c). This illustrates that at minimum water path, 
i.e. the transducer almost in contact with the specimen, the depth of 
the focal plane in silicon is less than that in steel. In order to 
increase the depth a longer focal length lens would be required but 
according to equations (12) to (16) this would have the added effect 
of changing the beam dimensions unless the aperture d was increased 
accordingly, which in practice is difficult and limited by the 
considerations in the following section.
2 .3 .7  Lim it o f  Aperture
The considerations of the last section arose because of the 
refraction which occurs as an acoustic wave passes from one medium to 
another at a non-normal angle of incidence. This effect is described
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by Snell's Law and a further consequence is that sin ©2 cannot exceed
unity. This leads to the concept of the critical angle which occurs
when the angle of incidence is such that the angle of refraction is 
90°, i.e. sin ©2 is equal to 1.0.
Thus
c2 sin©-^  = sin02 = 1 (21)
C1
Therefore
©cr = s111”1 c i  (22)
where 0 cr is known as the First Critical Angle and is the largest
angle of incidence at which incident longitudinal waves will 
penetrate the second medium.
Mode conversion takes place at the interface and incident
longitudinal energy will be converted to a shear mode which has a 
lower propagation velocity and therefore a larger critical angle. 
Shear waves are more subject to attenuation and grain scattering 
noise and only longitudinal refracted energy has so far been used in 
the IF SAM.
The effect of the critical angle is to limit the aperture at which
energy can be transmitted into a specimen. Table 2.3, Section 2.3.8,
lists some of the materials studied by the SAM with the consequent 
effect of the limiting F/d ratio on the beam parameters, as defined 
in Section 2.3.5.2.
2.3.8 Spherical Aberrations
The analysis of Section 2.3.5 assumed that rays from the transducer 
all passed through the focal region and thus the Airy disc and 
extended focal region were well defined. In practical situations,
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however, the outer rays in the converging cone can be refracted such 
that they fall outside the focal zone. This effect is known as 
spherical aberration.
( 1 3  )The problem has been considered in detail' 7 and an empirical 
relationship has been defined in which it is stated that if ©2, the 
refracted angle, Figure 2.12, is limited to a maximum of 40° by 
limiting the F/d ratio then spherical aberrations have negligible 
effect. Table 2.3 includes the F/d ratio which limits ©2 to 40°, 
assuming water as the incident medium and the transducer used in the 
IF SAM.
Coupling Medium 
Transducer
Water (velocity of sound = 1480ms- *') 
Focal length in water = 12.5mm 
Operating frequency = 40MHz
Specimen Velocity of Sound 
(ms- 1 )
Critical
Angle
(8 )
•^Maximum
Aperture
(mm)
F/d e r
(mm)
^ M a x i m u m  
-6 Aperture 
(mm) (ran)
F/d e r
(mm)
-6
(mm)
Steel 5.9 x 103 14.5 6.2 2.0 0.18 0.15 4.03 3.1 0.28 0.36
Silicon 7.4 x 103 11.5 5.0 2.5 0.22 0.30 3.21 3.9 0.35 0.45
Silicon Nitride 10.5 x 103 8.1 3.5 3.6 0.32 0.26 2.26 5.5 0.50 0.52
Silicon Carbide 12.0 x 103 7.1 3.1 4.0 0.36 0.30 1.98 6.3 0.57 0.73
Table 2 .3  C r i t ic a l  Angle and "©2 =* 40° Maximum" L im ited  Focal 
Region C h a ra c te ris tic s
2 .3 .9  Experim ental Measurements o f Beam Dimensions
The variation of relative pressure amplitude in the beam was measured 
by scanning the transducer over a steel needle whose tip diameter was 
measured optically to be approximately 5 microns.
Figure 2.15 shows the measured variation of pressure with axial 
distance normalised to the theoretical maximum value calculated in 
Section 2.3.5.1 and superimposed on Figure 2.10.
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Figure 2.16 shows the variation of pressure across the axis in the 
focal plane. The -ldB and -6dB points are marked and these can be 
compared to those calculated in Table 2.2
Figure 2.15 Experimental Variation of Relative Pressure 
Amplitude with Axial Distance
Of f _ a x I S Distance
Figure 2.16 Experimental Variation of Relative Pressure Amplitude 
with Off Axis Distance in the Focal Plane
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The image quality in this system is a function of both the spatial 
characteristics of the ultrasonic beam and the mode of recording the 
data.
2.4.1 Ultrasonic Field
A C-scan is created by a series of parallel traverses of the 
specimen, Figure 2.17(a). The magnitude of incident ultrasonic 
amplitude on any part of the specimen is determined by the spacing of 
these. Figure 2.17(b) shows the variation in amplitude when a scan 
index, (the separation between tracks), is taken as the Airy disc 
diameter. It is more common to use the -6dB or -ldB diameters for 
setting the index, as shown in Figures 2.17(c) and 2.17(d), as the 
variation in amplitude is greatly reduced, from 100% in Figure 
2.17(b) to 50% in Figure 2.17(c), and 117. in Figure 2.17(d).
2.4 Image Quality
—«| j* -  d
Cb)
Cd)
Amplitude
100%
50%
1 1%
d
d/2
d/6
Distance
Figure 2.17 Variation of Soundfield as a Function of the Scan Index
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The use of these reduced index figures ensures a more nearly uniform 
ultrasonic field over the volume of the specimen as it is scanned. 
This provides a more uniform response to a given feature irrespective 
of its position with respect to the scan lines which cross it. This 
is of course particularly true for features whose dimensions are of 
the same order of magnitude as the focal region. For example a 
feature of 20 microns diameter would be detected if a scan line lay 
across its centre but it would probably be undetected if an £r index 
were in use and scan lines ran either side of it. However, for the 
same feature an er index size would ensure detection irrespective of 
the relative position of the feature and the scan lines. However, 
the total inspection time is increased by the smaller index and a 
compromise is often required.
2 .4 .2  M ag n ifica tio n  and Image R esolution
The imaging system developed in this work has a resolution of 160 x 
256 pixels. Magnification is determined by the ratio of the 
magnitude of the scan of the transducer to the final image size (as 
in the Scanning Electron Microscope) and the resolution is given by 
the magnitude of the scan of the transducer divided by the number of 
pixels.
Thus if a scan magnitude of 3mm of the transducer over the specimen 
is used, a magnification of 100 is achieved when this is displayed on 
a 300mm T.V. monitor screen. The resolution, however, is the scan 
magnitude divided by the number of pixels. It is independent of 
magnification and in this example is 0.018mm.
2.5 Hardware
The IF SAM is illustrated in Figure 2.18. It is made up of several 
hardware units and a software package. The elements of the system 
are shown schematically in Figure 2.19 and described in the following 
sections.
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Figure 2.18 General View of the IF SAM System
■ 35 r
Figure 2 .19  Schematic o f the IF  SAM Elements 
2 .5 .1  U ltraso n ics
A  proprietary transducer and pulser/receiver are used to generate and 
receive ultrasonic pulses. There is only one commercial supplier of 
such equipment at present, a company known as Panametrics, based near 
Boston in the U . S . A .
The transducer was discussed in Section 2.3 and is not considered 
further here.
The pulser/receiver is a single electronic unit providing a shock 
excitation pulse of -150V amplitude and risetime of <5ns. The 
receiver has a bandwidth of 75MHz. For some applications this unit 
has been replaced temporarily by one having a 100MHz bandwidth 
receiver, particularly for the gauging work described in Chapter 5. 
Signals to be imaged or analysed are selected by a unit known as a 
Gated Peak Detector (GPD). This consists of an analogue gate which 
is adjustable in both position and length with respect to the 
transmitted pulse. Any part of the amplitude-against-time signal can 
be bracketed by the gate.
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The signal thus selected by the gate can either be tapped off to be 
transferred to a signal processing unit, such as a spectrum analyser, 
or be passed to the Peak Detector. This latter produces an output 
voltage whose magnitude is directly proportional to the peak 
amplitude of any signal occurring within the gate-open period. This 
voltage is the basic input to the SAM microprocessor and is used to 
determine the colour of the pixel corresponding to the probe position 
at any moment.
2 .5 .2  Scanning Frame
A three axis scanning frame is used to make use of the ultrasonic 
resolution available at Intermediate Frequencies. Each axis is 
driven by a stepper motor and precision leadscrew and the step 
size/leadscrew pitch gives a position increment of 7.5 microns, (3mm 
pitch leadscrew and 400 step per revolution stepper motor).
The frame is designed to provide adequate stiffness (compared to the 
ultrasonic resolution) over a scan range of 300 by 300mm square and a 
vertical travel of 200mm. Each axis can be operated by joystick and 
positions are encoded by pulse counting. Once a scan set-up is 
determined this is executed under automatic control from the central 
processor.
2 .5 .3  C en tra l Processor
Recent technological and commercial developments have resulted in the 
availability of a large variety of microcomputers with capability 
suitable for imaging applications. The SAM makes use of a standard 
BBC Model B device. This is based on a 6502 central processor; an 
eight-bit system with 32 kilobytes of memory, some 20 kilobytes of 
which are available to the user.
The BBC machine is particularly useful in this type of situation for 
several reasons. Firstly, it has an operating system which enables 
control software to move in and out of low level language and BASIC 
at will and within the same program. This enables programs to set up 
operational routines to run at high speed but also to set up system
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controls, menus and prompts using the more versatile BASIC. In 
practice such subsystems as stepper motor control, pixel generation 
and Analogue to Digital Conversion are all performed in machine code 
whilst menus, output selection, and storage are done using BASIC.
A second advantage of this machine is the availability of a number of 
graphics modes. In particular, a mode giving 160 by 256 pixels, 
which provides quite adequate resolution for most applications, is 
available in eight colours. This is used as the primary imaging mode 
in this system. The graphics mode is memory mapped, i.e. a specific 
memory location relates to a specific pixel location and the colour 
is determined by the value of the byte located in each memory 
location. This enables rapid transfer of incoming ultrasonically- 
derived data to the graphics screen as Direct Memory Access (DMA) is 
also available and used extensively.
Thirdly, the machine is low priced particularly in relation to 
alternatives with similar imaging and input/output capabilities. It 
interfaces easily to standard peripherals including disc storage, 
colour printers and of course IEEE 488 data transfer buses; which it 
fully supports as a listener and talker.
2 .6  Software
The software package is designed to enable any situation to be set up 
and stored with maximum flexibility. It does not form part of the 
submission for consideration as part of this Ph.D thesis. The 
package is a result of the skill of Mr. Nigel Gray, of Fulmer 
Research Laboratories, in implementing the requirements of the 
author. This also applies to the elecronic interfacing systems 
between the ultrasonics and computing equipment(^). r^e visible 
parts of the system operate on menus which lead the user through 
the various choices and provide instructions for each operation. The 
execution of most of the operations is through machine code sub­
routines. This emphasises the usefulness of the BBC machine in that 
a program can move from BASIC (for menus, instructions etc.) to 
machine code at will through the execution of a routine.
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3 .1  In tro d u c tio n
The use of bonding technology has expanded significantly in many 
areas of engineering. Bonding can take many forms; the boundaries 
between bonding, brazing and welding are ill-defined. Polymeric 
adhesive bonding technology is finding increasing use in tertiary, 
secondary and, in some cases, primary load bearing structures. The 
attachment of one component to another without the use of mechanical 
fasteners such as bolts, rivets or screws has many advantages. These 
can include speed of assembly, strength, lack of damage to either 
component, absence of stress raisers and good environmental 
performance. Additionally the adhesive (or bonding agent) generally 
is fluidic at some stage and therefore flows to fill the interstices 
between the components. The absence of discontinuities between the 
components leads to good transfer of properties such as mechanical 
strength, thermal conductivity and electrical conductivity across the 
bond line.
An important aspect of bonding technology is quality control, or 
inspection of bonds, to ensure that their properties are in 
accordance with predetermined requirements. There are two basic 
philosophies of quality control for bonded assemblies; destructive 
mechanical testing on a sample basis and non-destructive testing on 
an assembly destined for use. This Chapter examines the principles 
of bond examination and some case studies of the application of these 
using the IF SAM.
3 .2  The P hysical Basis o f Bond E valuation
Almost any form of bond can be represented by a layered structure 
model. These vary in complexity from the simplest three layer case, 
in which two layers of solid are bonded by an intervening layer of 
adhesive, to many-layer cases where several solids are joined by 
combinations of adhesive, solder or diffusion bonding.
3 * BOND INSPECTION
- 39 -
A typical layered structure is shown in Figure 3.1 .
Incident U ltrasound
Figure 3.1 General S tru c tu re  o f a Layered Specimen and 
i t s  U ltra s o n ic  Response
Each layer has to be described in terms of its physical properties 
and dimensions, in particular those which determine its mechanical or 
acoustic impedance and velocities of propagation of various modes of 
sound wave.
The basis of ultrasonic evaluation of layered structures is the 
partition of energy at the interface between any two layers. Some 
incident energy is reflected, and some transmitted, at each interface 
and it is the magnitude of these that are monitored and used as the 
evaluation tools. The partition is a function of the materials
meeting at the interface. The parameters which determine the
relative magnitude of reflection and transmission for any two 
materials meeting at an interface are the Acoustic Impedances. The 
Acoustic Impedance, Z, for a material is given by
Z = pV (1)
where p = density of the material
V = velocity of sound in the material
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Generally the variation of an ultrasonic reflection is predictable if 
the properties of the materials involved are known. The basis of 
bond evaluation is the monitoring of a particular reflection (or 
system of reflections) for departures from a calculated norm.
The electrical signal which is produced by the transducer is a 
function of the incident acoustic pressure amplitude and so in 
calculating the relative amplitudes of each of the reflections the 
pressure coefficients are used.
In terms of acoustic pressure, the partition at an interface is 
described by the reflection and transmission coefficients, which in 
the case of normal incidence from the medium 1 side are
R12 Z2 ~ Z1 
Z2 + Z1
12 2Z,
Z2 * Z1
(2)
(3)
where R^2 tbe reflection coefficient for layers 1 and 2.
T^2 is the transmission coefficient for layers 1 and 2.
Z a n d  Z2 are acoustic impedances of layers 1 and 2 
respectively.
These relationships can be generalised to any two adjacent layers.
The cumulative effect of each interface is used to calculate the 
acoustic signal from each particular layer.
Consider the five layer system in Figure 3.1.
The system of reflections is at once seen to be most complicated. The 
time of arrival of each reflection at the transducer is determined by 
the propagation path and the respective velocities and thicknesses 
involved. The amplitude of each reflection is the cumulative effect 
of the behaviour at each interface.
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Thus for example the amplitude of the signal R3 is, for a unit 
incident amplitude
r3 = T12*T23,R34,T32*T21 ^
The form of Equation (2) shows that if the reflecting medium is of
lower acoustic impedance than the incident medium a phase inversion
occurs on reflection. These inversions are also cumulative and in 
many cases the emergent phase, considered with respect to the 
incident phase, can be used as a diagnostic tool.
Consider two cases as shown in Figure 3.2.
Figure 3.2 Phase Inversion of the Reflection from a Void compared 
with a non-void Interface.
When the incident beam encounters a void at the interface the phase 
of the reflected signal with respect to the incident signal will 
change by it radians, i.e. a phase inversion occurs.
The resulting signal pattern would appear in each case as in 
Figure 3.2.
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Thus in this case where > Z2 not only the amplitude but also the 
phase of the reflected signal from the interface changes if a void 
(or disbond) is encountered. If, however, Z^  < Z2 then a phase
inversion would occur irrespective of a void being present. In this
case only the amplitude would be monitored.
The separation of the signals in time in Figure 3.2 is a function of 
the velocity of sound in, and the thickness of, each layer. As the 
layer thickness gets smaller the two signals approach each other and 
eventually superimpose. In practice the measurement of layer 
thickness using ultrasound normally requires that these signals are
resolved in time. Figure 3.3 shows a simple case where an increase
in frequency has the desired effect of producing temporal resolution.
Figure 3.3 Resolving Power of a 50 MHz and 5 MHz Transducer Gauging 
Silicon of 600 microns Thickness.
By increasing the frequency, the duration of the waveform is reduced 
and the two interface reflections become resolved in time in (b) 
whereas they are not in (a).
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One of the primary advantages of the IF SAM is that by operating in 
the region of 50 to 100MHz, the waveform duration is some 2.5 to 10 
times shorter than more conventional proprietary equipment operating 
in the frequency regime of 2 to 10MHz. The wavetrain or pulse length 
is typically of the order of 80 to 100ns in the IF SAM.
In some cases the overlapping of two signals cannot be avoided even 
at high frequencies. A technique for dealing with this problem is 
described in Chapter 5.
This Chapter describes specific applications of these considerations 
and, in particular, applications of increasing difficulty in terms of 
technique and demands on equipment.
3 .3  S ilic o n  In te g ra te d  C irc u it  Inspection
3 .3 .1  Background
The active element of an integrated circuit is the silicon die. This
performs the electronic functions determined by the nature of the
circuitry built into its structure. In a similar manner to any other
energy handling device it has inefficiency and consequently generates
heat as a by-product of its operation. This heat has to be
dissipated because reliability of all integrated circuits is
significantly affected by operating temperature. It has been shown
that a temperature rise of 10°C can reduce mean time to failure of a
(15]device type by 40% . Furthermore, modern power handling devices
such as solid state diodes handling up to 100 Amps would melt in 
seconds if the excess heat energy were not lead away. There is 
therefore a significant criticality placed on the connection between 
the die and its heatsink. This connection is normally known as the 
die/substrate bond, or more commonly, if colloquially, the chip bond. 
The die/substrate bond has the dual function of providing mechanical 
support for the silicon device and of creating a low thermal
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impedance path between the die and its substrate. Figure 3.4(a) 
illustrates a typical high reliability device and Figure 3.4(b) a 
schematic cross-section which illustrates the relationship between 
the die and its substrate.
(a) (b)
Figure 3.4 A Typical Integrated Circuit Device and a 
Schematic of the Construction
The dark square in the centre of Figure 3.4(a) is the silicon die 
which in this case is situated on an alumina substrate. The 
connecting pins are arranged along either side of the substrate; fine 
wires connect the die to these in the centre of the package. The 
silicon die can vary greatly in its overall area from fractions to 
tens of square millimetres but the silicon thickness is normally 200 
to 600 microns.
There are various methods of creating the die/substrate bond^b\ 
Normal consumer quality, low power devices are often bonded using 
epoxy adhesives but high power and/or high reliability devices are 
bonded by either a solder or eutectic process.
The solder process involves placing the chip onto a blob of molten 
solder on a heated copper substrate. On cooling, the solder 
solidifies and forms the bond.
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The eutectic process is a more expensive route but in theory produces 
a structure with no discrete interfaces. The substrate is normally a 
ceramic, typically alumina. A gold layer is evaporated onto this and 
the substrate is then heated to a temperature of 400°C. The silicon 
die is placed on this assembly and mechanically agitated to break 
down any oxide film. As the temperature of the silicon at its 
interface with the gold rises above 370° a liquid gold/silicon 
solution is formed. This is known as the eutectic point, Figure 3.5. 
On cooling, the eutectic forms a solid "adhesive layer" intimately 
connected to both the alumina and silicon.
1600
1200
800
400
0
0
Gold
Atomic 0/0 Si
1404°
100
Silicon
Figure 3 .5  Phase Diagram o f G o ld /S ilic o n
In theory, both solder and eutectic bonding form low thermal 
impedance paths between die and substrate. However, in practice 
there are problems that reduce the efficiency of heat transfer. 
These problems occur in the form of voids in the bond. The effect of 
voids is shown in a highly schematic manner in Figure 3.6; 
essentially heat cannot dissipate as rapidly in the region of the 
void and thermal gradients build up, creating a "hot spot". In 
extreme cases the silicon over the void melts. It is thus imperative 
to locate these if a high reliability is to be guaranteed.
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Figure 3.6 Schematic of the Effect of a Void 
in the Silicon/Substrate Bond.
3.3.2 Review of Inspection Procedures
Several techniques have been used in the device manufacturing 
industry to assess bond quality. The most widely used has been a 
simple visual inspection. An operator checks for the formation of a 
fillet between the silicon and substrate around the periphery of the 
die. The bond is assumed to be good if a fillet has formed around a 
substantial portion of the total length. In fact almost all 
instrumented techniques show this method to be extremely unreliable.
More sophisticated techniques make use of infra-red and X-ray energy. 
The infra-red technique is used in two forms. Firstly, infra-red 
microscopes have been developed which make use of electromagnetic 
energy in the wavelength region of 1.1 microns. Silicon is 
transparent to this radiation and consequently the microscope can see 
"through" the device to the si 1icon-bond-substrate interface. 
However, almost all production devices have metallising layers on 
their surface which are opaque to infra-red therefore reducing the 
usefulness of the approach.
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The second infra-red approach makes use of thermal imaging in which 
the temperature profile across the chip surface is measured. In this 
case the chip is either powered into normal operation and the imager 
used to detect hot spots on the surface, or, more commonly, the 
device is heated by radiation on the silicon surface and the 
development of a temperature distribution is monitored as heat flows 
through the silicon and into the substrate.
A more extensively developed method of bond inspection is through the 
use of high definition X-radiography. X-ray generators have been 
developed with source diameters as small as, or less than, 20 
microns^^. This enables sharp radiographs to be produced even when 
techniques are used to obtain magnifications of 20 times or more. 
This technique has been used extensively for bond evaluation, 
particularly for the eutectic devices. Figure 3.7 shows a 
eutectically bonded device imaged by high definition X-radiography. 
The outline of the silicon die is seen as the central darker area and 
within this area the variation of radiographic density is caused by 
variations in the eutectic. The darker areas indicate the presence 
of eutectic.
10 x 10 mm
Figure 3.7 Micro X-radiograph of Silicon on Alumina Device
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The contrast mechanism is the presence or absence of the heavy 
elements gold or lead in each bond-type; where the heavy element is 
present there is increased X-ray absorbtion. This means the extent 
and distribution of the "eutectic adhesive" can be imaged. It has 
been shown, however, that this does not necessarily indicate complete 
bonding. In certain circumstances, particularly where the die is 
over- or under-scrubbed the correct bond may not form at either the 
silicon or substrate interfaces even though "adhesive" may be 
present. Thus an apparently well bonded device, as determined by X- 
radiography, can have high thermal impedance, (see Figure 3.16).
X-ray images are formed by variations in absorption of 
electromagnetic energy as a function of the electronic properties of 
the specimen. Ultrasonic images are formed by variations in the 
mechanical properties. In particular the presence of a void forms an 
extreme case of property variation irrespective of the solid in which 
it is found. Thus ultrasonic inspection of integrated circuits 
directly interrogates those features which cause the problematical 
high thermal impedances.
High reliability silicon devices invariably go through a water-wash 
at some point during their manufacturing cycle and consequently the 
techniques of the IF SAM, which require a water couplant (or indeed 
many other liquids can be used), are easily implemented.
3 .3 .3  Bond E valuation  Using the IF  SAM
For purposes of illustration a eutectically bonded silicon on alumina 
device is analysed. Other bond types can be assessed using similar 
techniques. They all show similar behaviour in that energy is 
trapped in the silicon layer if there is a void in the bond layer at 
the point of interrogation by the ultrasonic beam. There is thus a 
two-condition situation where energy can propagate through the bond 
into the substrate or it is trapped in the silicon.
Table 3.1 sets out the acoustic parameters for a silicon on alumina 
device.
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Material Thickness
Cm)
Longitudinal Velocity 
of Sound 
(ms-1)
Acoustic Impedance 
(Pasxu")
Water
Silicon
Eutectic
Alumina
Void
4.65 x 10 
1 x 10 
1 x 10
-4
-5
-3
1.48 x 10“
7.4 x 10:
3.2 x 10“ 
9 x 10“
1.48 x 10* 
19.7 x 10( 
59 x 10(
32.4 x 10(
0.00 x 10(
Table 3.1 Physical Parameters of a Silicon on Alumina Eutectic 
Attach Device
The transit times and relative amplitudes of ultrasound reflected 
from the various interfaces are shown in Table 3.2. The Table is 
normalised to unity incident amplitude and time zero at the 
water/silicon interface.
Interface Reflected Amplitude Elapsed Time, after
Emerging from Specimen Surface Reflection, 
of Emerging Reflection 
(ns)
Water/silicon 0.86
Silicon/eutectic 0.137 125
Eutectic/alumina -0.053 132
Alumina/water 0.094 353
Silicon/void -0.25 125-132
Table 3.2 Transit Times and Relative Amplitudes of the 
Reflections from a Silicon on Alumina Device
These reflections are represented in schematic form in Figure 3.8 
where the ray paths for each reflection are illustrated for both the 
bond and void condition.
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Silicon
Alum ina
Bond Vo id
Figure 3.8 R e la t iv e  Am plitude o f R e fle c tio n s  Emerging 
from a S ilic o n  on Alumina D evice.
Consideration of Table 3.2 and Figure 3.8 lead to the following
conclusions about the A-scans generated by a device.
a) Bond Condition
1. The interface reflections from a bond will be complicated; there 
is a phase reversed signal and a non-phase reversed signal 
superimposed with a time delay of some 6ns. The two signals have 
relative amplitudes of 2.6 to 1 and, whilst in theory can be 
distinguished by deconvolution techniques, in practice produce an 
indistinct signal in the time domain.
2. The multiple reflections in the silicon layer will rapidly reduce 
in amplitude, by a factor of some 6.7dB for each multiple.
3. Where the bond is formed, energy will be transmitted into the 
alumina and the backface signal will be seen.
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1. Energy will be trapped in the silicon layer so the multiple 
reflection sequence will decay more slowly. In particular the 
first multiple will be 5.5dB larger than in the bond condition.
2. There will be a less complicated signal from the silicon 
backface. There will be a phase reversal and a reflected 
amplitude over 5.5dB greater than in the bonded condition.
3. The trapping of energy in the silicon will prevent the 
transmission of ultrasound into the alumina and consequently the 
alumina backface reflection will disappear.
Figures 3.9 and 3.10 illustrate A-scans recorded during an inspection 
of a eutectic bond. Figure 3.9 shows the bonded condition. The 
silicon/eutectic, eutectic/alumina interface reflections are seen as 
a superimposed signal with indistinct form, compared to the waveform 
of the incident signal. The multiple of the silicon backface is seen 
at reduced amplitude, whilst at some 350ns the reflection from the 
alumina backface is observed.
b) Void Condition
Figure 3.9 A-scan from Bond Condition
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Whilst calculated times of arrival can be relied upon in practical 
ultrasonic inspections, the relative amplitude of signals often 
varies from calculated values. However, the predictions form a 
necessary basis for evaluation. The predictions of Bond and Void 
Conditions, described above, are sufficient to enable bond integrity 
to be established. Only in exceptional cases is it necessary to 
establish exact agreement between calculated and observed relative 
amplitudes.
Figure 3.10 shows the A-scan from a void condition.
The reflection from the backface of the silicon die is now clearly 
defined and the phase reversal of both this reflection and the strong 
multiple are clearly seen. The reflection from the alumina backface 
has now disappeared.
The two A-scans shown in Figures 3.9 and 3.10 illustrate the 
practical considerations in ultrasonic inspection; precise 
predictions are often straightforward to make but the practical 
reality is that second, (and third) order effects give deviations 
from the predicted signals.
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However, a number of characteristic differences between one condition 
and another can usually be used to provide unambiguous indications of 
which condition pertains at any time.
Similar calculations can be made for both solder and epoxy bonded 
devices in order to enable the IF SAM to be set to image the presence 
of voids in the bondline.
3 .3 .4  S ettin g  up the IF  SAM
The calculations of section 3.3.3 and the experimentally demonstrated 
responses shown in Figures 3.9 and 3.10 enable the IF SAM to be set 
to image the complete die/substrate bond.
The major variation which correlates with the presence of voids is 
the reflection following the water/silicon interface and the sampling 
gate is positioned around this. The gate is set to "open" at 140ns 
after the onset of the water/silicon reflection and remain open for 
some 100ns. Thus the si 1icon/eutectic/void interface region is 
sampled.
The dynamic range is set for a black/red to yellow/white colour 
transition, i.e. the whole range of available colours, to occur for a 
5dB change in signal amplitude in the gate. Thus the void condition 
will produce white or yellow pixels and the bond condition black or 
red.
3 .3 .5  Results o f Bond E va luation
Figure 3!1 is the result of scanning the eutectically bonded silicon 
on alumina device, whose radiograph was shown in Figure 3.7, 
according to the calculations of Section 3.3.3 and consequent SAM set 
up according to Section 3,3.4. The scan size was 10 x 10mm.
There is excellent agreement between the X-radiographic and 
ultrasonic imaging results. It is postulated that there is further 
information on the eutectic layer condition contained in the 
variation of colour (amplitude) within the bonded regions. This
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aspect of the images is at present under study by British Telecom 
using their Fulmer-supplied IF SAM.
An image of a second silicon on alumina device is shown in Figure 
3.12, the scan size was 10 x 10mm. This was scanned as set out in 
Section 3.3.4 and shows the presence of voids in the bond line as 
white/yellow areas. In contrast to the specimen shown in Figure 
3.11, the voids in this device are smaller and more distributed. The 
radiograph of this device is shown in Figure 3.13.
Figure 3.11 C-Scan of Silicon on Alumina Device
Section Line (Figure 3.14)
Figure 3.12 C-Scan of Silicon on Alumina Device
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This device was sectioned on the line indicated on Figure 3.12 and 
then examined optically. The result is seen in Figure 3.14 where the 
relationship between void and bond conditions, as predicted by the 
ultrasonic image, can clearly be seen.
Figure 3.13
Figure 3.14 Optical Micrograph of the Section of the Silicon on 
Alumina Device shown in Figures 3.12 and 3.13
10 x 10 mm
Micro X-radiograph of a Silicon on Alumina Device
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Figure 3.15 shows two solder bonded devices on one substrate. The 
imaging mode used for Figures 3.11 and 3.12 was also used in this 
case. Hence the areas corresponding to large amplitude signals 
(white/yellow) constitute disbonds. The scan size of this image was 
30 x 30mm.
Figure 3 .15  C-scan o f a Double Dice Device (S o lder Bond)
There is an interesting second order effect illustrated in this 
particular image. The light green area on the lower die is probably 
unbonded through lack of wetting of the solder adhesive; the white 
area in the upper die is thought to be unbonded in exactly the same 
way. The reason for the colour variation was postulated to be that 
in the case of the white area the separation of silicon and substrate 
was small enough to prevent ingress of water because of surface 
tension; in the case of the lower die the separation was large enough 
to permit entry of water. The reflection from a silicon/air 
interface is effectively 1007. whilst that from a silicon/water 
interface is 857>. This reduction in reflected amplitude is shown as 
a change in colour. This situation was tested at the time of 
inspection by the simple procedure of slipping a piece of paper under 
the "unbonded" corner of each die. In one case the paper was wet on 
removal and in the other it was not.
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The voids shown in Figures 3!1 and 3.14 clearly create a grossly 
unsatisfactory situation and the devices would almost certainly fail 
as soon as they were powered up and required to perform at full rate; 
the heat generated during normal operation would cause almost 
immediate failure. A more serious condition is shown in Figure 3.12. 
In this case the voids are smaller and more distributed. There is 
thus the opposing effects of voids causing hot spots but their 
smaller size enabling thermal diffusion to lead excess heat away. 
The potential problem caused by a device with this type of bond is 
that it may operate satisfactorily during trials (and, for full 
military specification, the "burn-in" period) but fail prematurely 
during service. This type of failure is much more expensive and 
dangerous than that of devices which fail during manufacture because 
a large system, such as an avionics or control package, may fail as a 
result of the failure of one critical device.
A further factor which has been noted is that in some cases eutectic 
can form but become detached from either the silicon or substrate. A 
possible example of this is seen in Figures 3.12 and 3.13. At the 
lower edge of these figures it is not clear from the radiograph 
whether a bond has formed or not as eutectic is indicated to be 
present. The ultrasonic image on the other hand clearly indicates a 
void. Figure 3.16 shows an optical micrograph of a device where this 
situation has occurred.
Silicon 
Void
Eutect ic
Alumina
Mag. x 100
Figure 3.16 Optical Micrograph of a Silicon on Alumina Device shoving 
a Void Between the Eutectic and Silicon layer
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The eutectic has formed but in one region is not in contact with the 
silicon. X-radiography would class this situation as a satisfactory 
bond whereas ultrasonics would not.
3 .3 .6  Discussion o f In te g ra te d  C irc u it  E va luation
The technique described in the foregoing sections has aroused 
considerable interest in the electronics device industry. Devices 
from eight major companies have been examined including examples from 
all the major U.K. firms. An IF SAM designed and supplied by Fulmer 
is employed continuously on bond evaluation by British Telecom in 
their Birmingham laboratories in the development of large area (up to 
30mm square) silicon devices (VLSI) where bond integrity is both 
vital and difficult to achieve.
Studies both at Fulmer and elsewhere have shown that good correlation 
is achieved between the SAM images and bond condition and there is 
now a potential for rapid on-line evaluation of all forms of high 
reliability, high power devices.
3 .4  E valuation  o f Thin M a te r ia ls  Bonded to  Substrates
In the previous section the bond interface could be resolved in the 
time domain. This section contains two examples of successful 
examination where the bonded layer was so thin that discrete 
multiples could not be resolved. The technique makes use of energy 
trapping over voids.
3 .4 .1  Cermet to  M eta l Bond
In one method of shoe manufacture, the plastic heel piece of the shoe 
is attached to the sole plate by means of metal staples driven 
through the sole plate into the heel. The staples are driven into 
place using a high energy ultrasonic horn; the action of combined 
pressure and ultrasonic energy is such that the plastic melts in the 
locality of the staple and on removal of the ultrasonic energy source 
solidifies around the staple, thus gripping it.
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The horn has to have high fatigue and tensile properties along its 
length to withstand the effect of high energy ultrasound, but also a 
hard wear face contacting the staples during the insertion process.
The combination of strength and hardness is achieved by bonding a 
titanium carbide cermet tile onto the titanium to form a hard 
wearface. This provides a most effective, long lived component. 
However, if the tile detaches during operation, the horn is quickly 
destroyed and, moreover, expensive downtime is incurred whilst the 
defective component is replaced and faulty produce located.
There is therefore a need to ensure that the bond between each tile 
and the substrate titanium is as complete as possible. The size of 
each of the tiles and the geometry of the titanium horns make this a 
difficult problem for conventional non-destructive techniques but it 
is an ideal candidate for the IF SAM.
The wearface of the horn is shown in Figure 3.17. The carbide tile 
is the darker rectangle on the lighter titanium background. The tile 
thickness is 0.3mm and its lateral dimensions are 2 by 8mm.
Mag. x 5
Figure 3.17 Photograph of a Titanium Horn and Cermet Tile Assembly. 
Two Tiles at the Right are missing
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The nature of this inspection is rather different from that described 
in Section 3.3, the evaluation of silicon integrated circuits. In 
that case the silicon thickness was such that the reflection from the 
si 1 icon/substrate interface could be resolved in time; in this case 
the bond/interface reflection cannot. The transit time for sound in 
the cermet layer is less than 20ns.
Figure 3.18 illustrates schematically the basis of the inspection 
technique used in this case.
Energy ‘T r a p p e d ’ In Thin L a ye r  
Energy ’L e a k s ’ Into Substrate And Water  0n|y Leaks ,ntQ Water
F igure 3.18 Schematic o f the Technique fo r  
Non-time Resolved Inspections
As described in previous sections the relative amplitudes of the 
various reflections can be calculated using the appropriate acoustic 
parameters. However, no single reflection can be resolved in this 
case. The way this bond is in fact monitored is to make use of the 
"trapping" effect of a void beneath the cermet. The presence of the 
void prevents energy leaking into the titanium and the effect is to 
lengthen the perceived pulse train reflected back to the transducer. 
Where the bond is complete there is the usual partition of energy at 
the cermet/titanium interface and thus the amount of ultrasound 
reflected back to the transducer is rapidly reduced at each 
ultrasonic transit through the tile.
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An image of the bonded and unbonded areas is created by setting the 
gate at some arbitrary point after the water cermet interface and 
monitoring the amplitude of the multiples appearing in it. Figure
3.19 is a SAM image of the tile shown in Figure 3.17 obtained using 
this technique. It is apparent that there is an incomplete bond 
along the left edge of the tile and that a significant proportion of 
the bond area is unsatisfactory. The scan size was 3 x 9mm in Figure
3.19 and thus the resolution was 0.018mm, (Section 2.5). The ill- 
defined rectangular area situated at the left of the image is from 
the surface of the titanium substrate. The sampling gate was set to 
follow the surface of the specimen, whatever that might be at any 
position, and consequently as the beam scanned off the tile and onto 
the titanium, a signal was obtained and imaged.
This particular example of the use of the IF SAM was part of a 
feasibility study and only the results shown in Figure 3.19 were 
obtained. Furthermore the destructive testing, so important for 
establishing the validity of a non-destructive evaluation technique, 
was not performed at Fulmer and the results are not known. The 
example is included to show that image formation can take place even 
in cases where discrete reflections cannot be distinguished in the 
time domain. The capability to achieve lateral resolution and 
imaging over the small area of the tile could not be provided by any 
conventional equipment.
Figure 3.19 C-scan of Cermet Tile. The Narrow Rectangular Area 
at the Left of the Image is Spurious (see text)
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In this component a substrate has various channels etched into it and 
these are capped by a skin which is diffusion bonded to the material 
between the channels; the lands. The requirement is to assess the 
bond formation, particularly with respect to the presence of any 
unbonded regions. The skin is 0.25mm thick and the average width of 
the lands is 1mm.
The imaging technique is the same as that of the previous section. 
Over the channels energy is trapped in the capping layer whilst over 
the lands energy escapes into the substrate. If there is a disbond 
over a land this is revealed as a perturbation to the etched pattern.
3.4.2 Nickel Skin on Nickel Substrate
Figure 3 .2 0  Schematic Cross-section o f D iffu s io n  Bonded Specimen
Figure 3.20 shows a schematic cross-section of the specimen. The 
beam is focussed on the interface between the capping layer and 
substrate and Figure 3.21 shows typical A-scans obtained from a 
bonded region and a region over a channel (which is equivalent to a 
complete disbond).
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a ) Land
b) Channel
Figure 3.21 A-Scans from Bonded and Channel Regions
Figure 3.22 is a C-scan of the entire component showing the various 
channels as lighter (white/yellow) areas. The scan size in this 
figure was 30 x 20mm.
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Suspect Bond Region
Figure 3.22 C-Scan of a Complete Bonded Specimen Shoving 
Pattern of Etched Channels
Examination of Figure 3.22 reveals a suspect bond region. This was 
scanned in more detail and the results are shown in Figure 3.23.
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Figure 3.23 C-scan Showing D e ta i l  o f F igure 3.22 where a 
Region o f Disbond is  In d ica ted
Once again this is an empirical technique in that the principle of 
energy trapping is used without the calculation of reflected 
amplitudes. The technique has been shown to be so successful that a 
contract for service testing of production components has been placed 
with Fulmer.
3 .5  E valuation  o f D iffu s io n  Bonds
Whilst many types of bonding process make use of a completely 
separate species to effect a mechanical join, i.e. an adhesive 
(whether it be polymeric, solder, braze, weld or even the eutectic 
process described in Section 3.3), there is a class of bond which 
makes use only of the species actually being joined; this is the 
Diffusion Bond.
If two materials are in contact under the appropriate conditions an 
interatomic diffusion process occurs in which atoms from one material 
migrate into the other, and vice versa. After this process has 
continued for a suitable time there will be sufficient atomic bonding 
to create the effect of a single piece of material in which there is 
no discrete interface at the atomic level and the properties of the 
composite material are continuous across the interfacial region.
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Diffusion bonds can be formed from similar or dissimilar materials at 
the interface and their properties are creating new concepts in 
advanced manufacturing.
The conditions normally required for the diffusion process to occur 
are heat and pressure. Heat causes the kinetics of atomic movement 
and mobility to increase and pressure is used to bring the two faces 
to be bonded into the closest possible proximity. A further 
important factor is cleanliness of the surfaces as oxide films in 
particular can inhibit atomic movement across the interface. If all 
the appropriate conditions are correct, interatomic mixing by 
diffusion processes will occur.
This relatively modern form of joining, at least for use in critical 
engineering structures, has given rise to the need for equally modern 
forms of non-destructive evaluation to ensure that the bond has 
formed correctly over the designated area and ideally that the bond 
strength is adequate. This section describes the application of the 
IF SAM to a diffusion bond evaluation in which various categories of 
bond state are identified and recorded under computer control.
3.5.1 The Uranium/Zircalloy Bond
A facility has been developed at the Rutherford Appleton Laboratories 
which is designed to provide high flux densities of neutrons for 
atomic and nuclear studies. The facility is knoxvn as the ISIS, the 
Spallation Neutron Source.
The principle of operation is shown in Figure 3.24. A linear 
accelerator injects a beam of protons into a synchrotron. These are 
accelerated in the synchrotron to an energy of 800 MeV. These 
protons are then deflected into a target area by divertor magnets.
Ta r g e t
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Figure 3 .24  Schematic Diagram o f the Neutron S p a lla tio n  Source
The target area contains a target consisting of a stack of non-
OOO
fissile (U ) uranium plates. When the protons collide with the
uranium, neutrons are given off in the nuclear process. 25-30
(18 )neutrons are given off from each proton collision and high flux 
densities of neutrons are obtained for use in any of several 
experimental stations grouped around the target.
A by-product of the nuclear interaction is a considerable amount of 
waste heat. This must be extracted from the target to keep it from 
melting. This is achieved by pumping large quantities of water over 
the uranium to extract the excess heat. The uranium, however, is 
extremely susceptible to oxidation by water and consequently must be 
protected by a corrosion resistant cladding. The cladding used is a 
proprietary alloy known as Zircalloy 2. This consists of zirconium 
with a number of minor alloying elements. The important features of 
the alloy are firstly its inertness in an aqueous environment, but 
secondly its very low absorption cross-section for neutrons; it is 
essentially transparent to the passage of neutrons. Thus each 
uranium disc is protected from the coolant but no neutron attenuation 
is incurred.
- 69 -
The construction of the target is shown schematically in Figure 3.25 
and a photograph of a finished article in Figure 3.26. The stack is 
made up of 23 discs in a holder. Each of the individual uranium 
discs is clad in Zircalloy and it is the diffusion bond between the 
two metals which is the subject of this section.
<----------------
R ep eatin g  Units
Figure 3.25 Schematic of Target Construction
Figure 3.26 Completed Target
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The criticality of the bond is such that a bond failure would cause a 
high local thermal impedance with subsequent overheating and possible 
melting of the uranium. The thermal stresses that are created 
between the uranium and cladding are considerable as the temperature 
cycles during operation of the source. In order to retain integral 
construction a diffusion bonding process has been developed.
The means of producing the required bond is known as Hot Isostatic 
Pressing (HIP). As this name implies, the technique involves 
subjecting the component to high isostatic pressures at elevated 
temperature. In practice the component is placed in a chamber of 
argon whose pressure is then raised to some 30000psi. This exerts 
isostatic compressive force on the component. When the temperature 
is raised to some 2000°C the diffusion process between uranium and 
Zircalloy proceeds relatively quickly and a bond is formed after less 
than one hour at temperature.
In order to obtain true isostatic compression, the construction of 
the component involves placing the uranium disc in the Zircalloy can 
with a loose fitting lid. This assembly is evacuated in an electron 
beam weld chamber and the lid is then electron beam welded to the 
can. The uranium is thus contained in vacuum in a sealed Zircalloy 
can. When the external pressure is applied it is all transferred to 
the Zircalloy/uranium interface.
3 .5 .2  The Role o f the IF  SAM
The SAM is required to evaluate the condition of the diffusion bond 
after a HIP operation. It is vital to establish the integrity of the 
bond over the whole interfacial area and to identify any unbonded 
areas. These have the potential to grow in service and cause failure 
of the whole target stack through failure of one disc element. Thus 
the primary task for the SAM is detection of disbonds. A secondary 
requirement is measurement of clad thickness. During production, the 
clad material is progressively machined away until most of the clad 
is some 0.25mm thick. The relatively high frequency of the SAM 
provides capability for gauging these thicknesses in a simultaneous 
operation with bond evaluation.
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The interatomic mixing which occurs at the diffusion bond interface 
is extended to the range of some 60 microns into the Zircalloy. 
Figure 3.27 is a scanning electron micrograph of a section of 
Zirca1loy/uranium bond showing the diffusion region.
3.5.3 Development of the Technique
Zircalloy uranium
Figure 3.27 Scanning Electron Microscope Image of a High 
Diffusion Region
During the development of the bonding process and in subsequent 
meta 1 lographic examination it was found that in some regions a bond 
was formed between the Zircalloy and uranium but the diffusion zone 
was smaller than required; of the order of one or two microns instead 
of 60 microns. Figure 3.28 shows a scanning electron micrograph of 
this type of region.
Whilst there was no doubt that a bond had formed in these low 
diffusion regions it was considered that it would be brittle and 
likely to lead to early failure in the continuous thermal cycling 
conditions of service. This constituted a case of classic difficulty 
for quality control; a component (in this case a bonded component) 
which was sound on manufacture but with subtly degraded properties 
which would lead to premature failure in service.
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uranium Zircalloy
Figure 3 .28  Scanning E lec tron  Microscope Image o f a Low 
D iffu s io n  Region
There were thus three categories to be distinguished; the required 
high diffusion-1ength bond, the low diffusion-1ength bond and the 
disbond. The solution to the problem of distinguishing these was 
obtained empirically during observations of the reflected waveform 
from the Zircalloy/uranium interface in a large number of specimens. 
The ultrasonic response from each type of interface is illustrated in 
Figure 3.29.
a) A-scan from High Diffusion Bond
Figure 3.29 A-scans from High and Low Diffusion Bonds 
and a Disbond
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The void or disbond case is readily distinguished from both bond 
conditions because there is a phase change associated with the lower 
acoustic impedance of a void compared with the uranium, Section 3.2. 
Thus the reflection from a Zirca 1 loy/void interface is in antiphase 
to that from a Zirca1loy/uranium interface.
The two bond conditions are differentiated by a change in amplitude 
of the reflection from the Zirca 1 1 oy/uranium interface. The high 
diffusion bond produces a smaller amplitude signal than the low 
diffusion bond. Although not fully understood, it is postulated that 
the gradually increasing uranium concentration over the 60 microns 
diffusion length leads to partial destructive superposition of the 
reflection at what is effectively a graded interface. The reflection 
from the low diffusion bond, on the other hand, is more clearly 
defined as the interface is limited in spatial extent to much less 
than a wavelength.
A full analysis of this situation has not been carried out but the 
correlation between ultrasonic indication and results of 
meta 1lographic sectioning and examination have shown the technique to 
be totally reliable in all cases so far examined.
Figure 3.30 shows a section of interface containing both types of 
bond condition, successfully identified by SAM examination.
Zircalloy
uranium
Mag. x 160
Figure 3.30 O p tic a l Micrograph o f a Region o f T ra n s itio n  from 
High to  Low D iffu s io n  Detected by the SAM
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The requirement to identify automatically which of three types of 
reflection was occurring as a scan proceeded could be met in two 
ways. Firstly, the incoming R.F. signal could be digitised and 
passed to a digital processor for analysis, or alternatively the 
incoming R.F. signal could be interrogated by a pattern recognition 
system in the analogue domain.
Whilst the digital approach offers many advantages in terms of 
processing flexibility the acquisition of data poses formidable 
problems. The dominant frequency within each reflected pulse is 
between 40 and 50MHz and features of interest occur within the first 
50ns of each reflection. The implied digital sampling rate according 
to the Nyquist criterion is of the order of 200MHz. This performance 
can be achieved only with state-of-the-art, very expensive equipment. 
In practice the cost of this data acquisition was prohibitive.
The analogue approach is less flexible and for the general case of 
inspection procedures is less attractive than digital processing. 
However, in this case the variation of reflected signal was well 
categorised and was essentially invariant outside well defined forms. 
Consequently it was quite feasible to construct a system which would 
differentiate between the A-scan types (and therefore the bond types) 
using modern electronic devices. The electronic design and 
construction of this equipment was undertaken by Mr. R.B. Phillips 
and Mr. N. Gray, to the author's specification.
Figure 3.31 shows the three reflection types in schematic form. A 
series of logic gates is set so that four emitter coupled logic (ECL) 
comparators are enabled a few nanoseconds before the reflection from 
the bond interface is expected to occur. These comparators are 
constructed so that they latch when the input signal crosses a preset 
voltage threshold. Three comparators operate on positive-going edges 
and one on a negative-going edge. The four levels are superimposed 
on the three types of reflection in Figure 3.31, corresponding to 
each interfacial condition.
3.5.4 Diffusion Bond Analyser
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Figure 3 .31  Schematic o f Four Comparator Levels  
Superimposed on A-scan Types
The outputs of the comparators link into a register which records in 
what order they are triggered by the incoming signal. Inspection of 
Figure 3.31 shows the order set out in Table 3.5 for each of the 
reflections. Further, each is unique to each reflection type.
Bond Conditions Comparator Triggering Order
High Diffusion 
Low Diffusion 
Disbond
3 4 2 1
3 2 4 1
4 3 2 1
Table 3.5
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Once the four comparators have latched they are disabled until the 
next ultrasonic pulse is launched. During this period the triggering 
order is interrogated and, depending on the order, a code 
representing each "bond" type is put onto a data line which is read 
by the SAM.
Simultaneously with this operation the elapsed time between the front 
face reflection (water/Zircal loy interface) and the first comparator 
trigger is measured using a 125MHz clock. This data is also read by 
the SAM and gives a continuous indication of cladding thickness.
The whole system is synchronised by the central processor in the SAM. 
The processor issues a command which advances the position of 
the ultrasonic transducer, fires a pulse, enables the Diffusion Bond 
Analyser, reads the bond state and thickness information and stores 
the data. It then processes this to provide a false colour image in 
which designated colours correspond to differing bond states. 
Calculations are performed which show the cladding thickness, the 
amount by which the thickness at any point is greater than the 
minimum thickness and various statistical data. This aids the 
production team with machining schedules.
Typical output from the system is shown on the following page in 
Figure 3.32. This particular disc has areas of each type of bond
condition and is from an early development trial. Disbonds are most
uncommon from the production processes currently in use. The system 
is in routine use in production of the discs and to date no other
category of reflection type has been identified.
C L A D D I N G  T H I C K N E S S  (nm)
0 . 0 0  0 . 0 0  0 . 0 0  1 . 1 5  3 . 5 6  3 . 6 0  1 . 1 5  1 . 0 6  G . 0 0
0 . 0 0  0 . 0 0  1 . 1 3  2 . 5 7  2 . 5 0  2 . 4 8  2 . 3 8  2 . 3 8  0 . 0 0
0 . 0 0  0 . 0 O  3 . 4 6  2.6 1  2 . 5 0  2 . 4 8  2 . 4 3  2 . 3 9  1. 1 5
0 . 0 0  1 . 1 7  2 . 6 8  2 . 6 3  2 . 5 9  2 . 5 0  2 . 4 8  2 . 4 7  2 . 4 8
0 . 0 0  1 . 1 5  2 . 6 6  2.6 1  2.61 2 . 5 4  2 . 5 6  2 . 5 4  2 . 5 4
0 . 0 0  1 . 1 5  2 . 6 3  2 . 6 3  2 . 5 9  2 . 5 9  2 . 5 9  2 . 5 7  2 . 6 5
0 . 0 0  1 . 1 5  2 . 6 5  2 . 6 3  2 . 6 5  2.6 1  2 . 6 5  2 . 6 3  2 . 6 6
0 . 0 0  9 . 0 0  2 . 6 3  2 . 3 0  2.6 1  2 . 6 3  2 . 6 6  2 . 6 8  2 . 7 0
0 . 0 0  0 . 0 0  1 . 1 5  2 . 6 3  2 . 5 9  2 . 6 3  2 . 6 6  2 . 7 2  1 . 1 3
0 . 0 0  0 . 0 0  0 . 0 0  3 . 7 8  2 . 6 3  2 . 6 5  2 . 7 2  1 . 1 5  0 . 0 0
E S T I M A T E  0 E  F I N A L  C L A D D I N G  T H I C K N E S S  
H F T E P  M A C H I N I N G
0 . 4 4  0 . 3 7  0 . 3 5  0 . 2 5  0 . 2 5  
0 . 4 8  0 . 3 7  0 . 3 5  0 . 3 0  0 . 2 6  
0 . 5 5  0 . 5 0  0 . 4 6  0 . 3 7  0 . 3 5  0 . 3 4  0 . 3 5
0 . 5 3  0 . 4 8  0 . 4 8  0.4 1  0 . 4 3  0.41 0.41
0 . 5 0  0 . 5 0  0 . 4 6  0 . 4 6  0 . 4 6  0 . 4 4  0 . 5 2
0 . 5 2  0 . 5 0  0 . 5 2  0 . 4 8  0 . 5 2  0 . 5 0  0 . 5 3
0 . 5 0  0 . 1 7  0 . 4 8  0 . 5 O  0 . 5 3  0 . 5 5  0 . 5 7
0 . 5 0  0 . 4 6  0 . 5 0  0 . 5 3  0 . 5 9  
0 . 5 O  0 . 5 2  0 . 5 9
. 00 
. 00 
.00 
i. 00 
I. 00 
.08 
). 00 
). GO 
). OO 
5. 00
Figure 3.32 Typical Output of the Diffusion Bond Analyser
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The work described in this Chapter has, like all the other 
applications, been industry driven. The techniques essentially 
represent the simplest way to achieve a particular result. There is 
no doubt that analysis of a situation in terms of simple reflection 
and transmission coefficients, followed by an amplitude or phase 
measurement system to test the results of the analysis is the most 
straightforward use of the SAM. The applications described increase 
in complexity from the relatively straightforward time-resolved 
integrated circuit inspection to the highly instrumented diffusion 
bond analysis but in each case the easiest option was taken.
The SAM has been applied successfully to a wide range of materials 
and bond types emanating from a wide range of customers. To date 
several service contracts have been placed at Fulmer simply because 
no other equipment was available which was capable of performing the 
required tests. The uniqueness of the system, and the reason it is 
attractive to users, is that it can handle practical industrial 
specimens from hundreds to fractions of millmetres in extent and to a 
wide range of resolutions; even in fact into production situations. 
It is estimated that some forty companies have now had specimens 
examined on the system with successful outcomes in all cases, 
although in the case of some highly porous materials the frequencies 
used were in the 10MHz, rather than 50MHz, regime.
3.6 Discussion
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This Chapter deals with two types of volumetric inspections. The 
first concerns the new generation of engineering ceramics and the 
second involves in vivo examination of the skin for medical 
diagnostic purposes.
The use of ultrasonics in volumetric inspection probably accounts for 
the great majority of all applications of the technology. In 
engineering the need to locate and identify cracks in particular, but 
also inclusions, porosity, and a host of specific features, is of 
great importance to the integrity control of all critically loaded 
structures. The catastrophic failure of marine structures such as 
oil rigs, or aerospace material in both airframes and engines serves 
to demonstrate the importance of ultrasonics in this area. Similarly 
there is an enormous application of ultrasonic techniques in medicine 
for examination of the foetus, the cardiovascular system and other 
organs, and cancer screening.
Most of these applications demand ultrasonic frequencies in the 
region of 1 to 10MHz, The reasons are that features can be 
identified with these frequencies and problems such as attenuative 
and scattering losses are held to reasonable levels. However, there 
are areas where the resolution afforded by such frequencies is not 
high enough. In the case of ceramics this is because the critical 
defect sizes are too small to be located using these frequencies and 
for skin diagnostics the resolution of closely spaced, thin layers, 
is not sufficiently high. The capabilities of the IF SAM are such 
that resolution of the required level is available but also the 
associated problems of losses and consequent signal to noise levels 
are maintained at manageable levels.
4. VOLUMETRIC INSPECTION
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4 .1  Inspection  o f Ceramic M a te r ia l
4 .1 .1  Background
Ceramics are amongst the oldest materials manufactured by man. They 
date back into pre-history in the form of clayware of many types and 
there is still an enormous worldwide market today. These ceramics 
are normally coarse grained, low strength materials used in non- 
critical applications. A new generation of ceramics is emerging 
which have desirable engineering properties and which are finding 
increasing application in areas traditionally occupied by metals. 
These are known variously as engineering, structural or fine 
ceramics.
The development effort worldwide on these materials is huge and one
market research source estimates a turnover of some 25 billion
( 1 9  )U.S. dollars annually by the end of the century
There are several reasons for the emergence of interest in these 
materials. In many ways they take over where metallic materials 
start to fail; they retain high strength at temperatures up to and 
above 1400°C, they are oxidation (corrosion) resistant at these 
temperatures, their specific properties of strength and stiffness are 
high through high modulus and low density and in general they are 
produced from cheap and abundant raw materials.
Materials with these properties are natural candidates for high 
temperature turbines and reciprocating engines, heat exchangers, wear 
resistant coatings, bearings, valves and electronic components. All 
of these are high value applications where critical performance takes 
priority over cost.
Whilst the properties of these ceramics offer obvious advantages, in 
many respects there is a serious drawback which continues to retard 
their general introduction into production components. The problem 
with all ceramic materials, whether they be traditional or modern, is 
their lack of fracture toughness, i.e. their brittleness. Whereas a 
metal may have sufficient toughness to resist failure if an overload
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occurs, a ceramic does not. Furthermore, metals can be designed to 
be tolerant of defects within them whereas ceramics are critically 
sensitive to defects. This case pertains to the point where the 
strength of a ceramic cannot be quoted as an absolute value but as a 
statistical probability; the probability relating not to the material 
itself but to the most deleterious defect that happens to be 
contained in the particular volume of material under test.
A further factor which exacerbates this defect problem is that the 
properties of ceramics are such that the range of defects and the 
critical sizes involved are outside the detection capabilities of 
many of the inspection and evaluation techniques used with metallic 
materials (typical requirements being detection of defects with 
magnitude in the 10 to 100 microns range). Thus a whole new approach 
has been required to take ceramic materials past the laboratory stage 
and on towards production; for a component to survive in a given 
environment the permissible defect population must be predicted and 
means must be found to ensure this is not exceeded.
This section reviews the detection requirements, and the developments 
in non-destructive evaluation to meet them, in order to illustrate 
where the IF SAM finds its application. The specific developments of 
the operation of the IF SAM to meet a ceramics inspection problem are 
then described and some results of its use are presented.
4 .1 .2  The Role o f Defects
The role of defects in determining the behaviour of ceramic 
components has been studied by many workers. There are of course 
several common factors such as design temperatures, strengths, 
lifetimes and environment and consequently many generalised 
statements can be made concerning defects and their criticality.
The fracture of ceramics generally occurs by the direct extension of 
pre-existing defects and hence the characterisation of the initial 
defect population is usually adequate for failure prediction^9\ 
The defects to be considered include large pores, inclusions, large 
grains and machining damage.
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(21)established between defect size and failure. This has the fornrf '
The use of fractu re  mechanics enables a r e la t i o n s h i p  to be
iM 2
2/n-2
2 + Kcn"2Atioa2Y2(n-2)
Ttfhere am is the radius of the largest sharp crack that can be 
tolerated in a component that is expected to survive for a time, t^ , 
after inspection. Kc is the stress intensity factor for mechanical 
extension of the flaw, a is the pertinent level of applied tensile 
stress in the element containing the flaw. Y is a parameter that 
depends on the flaw shape and A and n are parameters that define the 
susceptibility of the material to slow crack groi<rth.
The inclusion of Y, a flaw shape parameter, suggests that the 
degrading effect of a defect is not uniquely determined by its size. 
In fact it has been shown v ' that some defects have virtually no 
effect on strength whilst others of the same size are highly 
deleterious. In general an inclusion with a low modulus value proves 
to be highly deleterious whilst one with a high modulus has no effect 
on performance. Similarly a void or pore which is much larger than 
the local grain size degrades the performance whereas a void in an 
environment of similarly sized grains to the void does not.
Experimental work has demonstrated^28  ^ that the use of Equation (1) 
to predict the allowable defect size does in practice produce a 
conservative estimate of strength. Consequently this relationship 
can be used to establish the detection requirement.
The particular engineering ceramic under study in this work is 
Silicon Nitride (Si^ N^ ). This is an increasingly important material 
for use in gas turbines because of its high strength (>300MPa) at 
high temperature (>1350°C). Operation in these temperature regimes 
brings about significant increases in power output and engine 
efficiency.
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If the properties of Silicon Nitride are used in Equation (1) and the 
design selectables of 10000 hours inspection interval and a maximum 
stress of 300MPa are chosen, the acceptable initial flaw size am can 
be calculated.
3 0 0
Flaw Size
100 |-
pm
3 0
10
100
_ 1 _ L
3 0 0  M P a
Stress
Figure  4.1 Maximum Acceptable I n i t i a l  D efect S ize as a Function o f 
Stress Level a t  Room Temperature and 1400°C fo r  Hot 
Pressed S ilic o n  N it r id e
Figure 4.1 shows that all the desired characteristics of strength and 
life at elevated temperature can only be achieved if the component is 
free of any defects larger than 10 microns. The strength and/or 
lifetime is seen to be progressively degraded in the presence of 
increasingly larger defects.
The state of the art at present in non-destructive evaluation is such 
that many real components, for instance turbine blades, cannot be 
examined to the degree called for in the above analysis. Whilst work 
continues towards this as an objective, the choice of accept/reject 
criteria remains a probabalistic process in which extrapolations made 
from defects which are detected in any situation are made about those 
which are not detected, but are assumed to be present.
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Several workers are addressing this problem to establish satisfactory
(23 )models as a basis for technique developments and various reject
( 0 h 9 S 9 A ^criterion schemes are being developed^ » » . There is thus a
parallel effort in progress; to develop techniques which provide 
enough information about each specific defect for an absolute failure 
prediction to be made and simultaneously to develop techniques to 
make reliable performance estimates from what information is 
available.
In all cases it is the role of non-destructive evaluation to obtain 
information about the defect population and consequently substantial 
efforts are in progress to develop suitable techniques. These are 
reviewed in the following section.
4 .1 .3  Review o f N on-destructive  E valuation  o f Ceramics
There are a number of non-destructive evaluation techniques in use 
and under development for defect detection and classification in 
modern ceramics. There is an extensive amount of literature 
concerned with the subject in the form of material-specific or 
technique-specific studies.
X-radiography is an important approach to the detection of
defects^^*^*28,29) particularly in the form known as microfocal X-
radiography. There is a serious limitation however to the
(23 )quantitative nature of the information gained and it is concluded' 7 
that only statistical information is likely to be gained from the 
technique.
(27 30)The use of thermography has been explored' 5 7 but the resolution
of small defects is limited. The approach does however have 
potential for detecting gross defects in the compacts or "green" 
components which comprise a ceramic before it is fired or sintered.
Dye penetrant techniques provide sensitive indicators of surface 
(23 29)damage' 5 particularly if high quality aerospace-grade material 
is used. However, the technique is inherently qualitative and no 
indication of depth of crack penetration can be obtained.
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Eddy current methods have been used to examine ceramic coatings on 
metal substrates' ' but whilst useful results were obtained in 
measurement of coating thickness, the techniques could not measure 
defect size.
The inherently quantitative nature of ultrasonics has given rise to 
many studies of its use with ceramics and these are extensively 
reported in the literature
There are three criteria which will eventually have to be met. These 
are: resolution, to detect defects in the required size regime; 
classification, to provide information on the nature of a defect; and 
practicability, to enable real components to be examined to the 
required standard. At present there is no one technique which meets 
all three criteria; the IF SAM has been developed to provide 
detection and practicability; in its present state of development it 
requires additional techniques to provide defect classification and 
sizing.
4 .1 .4  D efect C la s s if ic a t io n  and S iz in g  Techniques Using U ltraso n ics
The various approaches to the problem of defect classification and 
sizing can be categorised by comparing the wavelength of the 
ultrasound with the dimensions of the defect; thus the terminology of 
short through to long wavelength techniques has developed as the 
wavelength is compared to the defect size of interest.
A review of the various approaches^ describes four categories
Type Regime
Imaging lca>6.3
Model Based Reconstruction
Model Based Adaptive Learning Networks 0.4 <lca<3
Long Wavelength Scattering ka<0.5
where k = 2 tt/X and a is the defect diameter and X the wavelength.
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As ka decreases the ultrasonic signals contain less detailed 
information about the shape and size of flaw. Independent 
assumptions or a priori information are then needed to make a size 
estimate.
When ka>>! the wavelength is small with respect to the defect size 
and imaging techniques can be used. However as ka approaches the 
value 6, the wavelength becomes similar in size to the defect and 
shape details are lost. However, theoretical models can be 
constructed to enable the shape and size of defect to be predicted 
from its ultrasonic response. As the wavelength gets larger the 
information from the defect becomes more diffuse. The approach taken 
in this region is to set up an Adaptive Learning process in which an 
analysis system learns to recognise various standard, or "training", 
defect types and sizes and then compares incoming signals with these 
to produce defect sizing and characterisation. In the long 
wavelength limit the process becomes essentially statistical and in 
particular there is a relationship between long wavelength scattering 
and the stress pattern created by a defect.
It is the first two categories, where ka is equal to three or 
greater, that the majority of quantitative work is concentrated. 
Techniques under development include direct imaging, using such 
equipment as SAM, and various inversion processes. These latter 
approaches collect all the scattered radiation from a defect, and via 
sophisticated mathematical algorithms, calculate the shape and size 
of defect which would have caused such a scattering distribution. 
These are known most commonly as Born inversion methods. Some 
promising results have been obtained but some formidable problems 
remain, (for instance the inversion process becomes intractable at 
present if there are two scatterers operating within the sound 
field), and a great deal of development is required to produce a 
routinely useful technique.
Returning to the requirements of detection and practicability, it has
been shown that ultrasonic C-scan imaging offers greatest 
(29 44)potential' for initial defect detection within the ka>3 regime.
The technique was described in Chapter 2 in its embodiment by the
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IF SAM. It comprises a system in which a transducer is scanned in an 
x,y raster over a specimen and the reflections from the specimen at 
each transducer position are used to form an image of some form. 
This provides a means of examining practical specimens (often up to 
100mm square) to provide indications of position, extent, total 
number and distribution of defects. Having detected the defect 
population, one of the classification and sizing techniques can then 
be used to derive more detailed information about any particular 
defect.
The following section examines the requirement for a C-scan system in 
more detail and then describes the development of the IF SAM to meet 
these requirements. The system measures the amplitude of any 
reflected signal greater than 6dB above noise and stores the 
amplitude and position coordinates in memory for subsequent image 
reconstruction and analysis.
4 .1 .5  Background to  the O perating Mode
The detection of a reflecting feature within a SAM specimen is 
dependent on the amount of energy reflected from the feature and on 
the relationship of that energy to the inherent noise in the SAM 
system.
The practical limit of this relationship is such that for automatic 
detection by electronic means the amplitude of the reflector signal 
at the output of the system must be at least twice that of the 
amplitude of the system noise. In other words the signal to noise 
ratio (S/N) must be at least 6dB. This is an empirical value, 
derived from operating experience; there is no doubt that the 
analytical powers of the human observer enable features with S/N 
ratios of less than unity to be distinguished. In this case, 
however, it is impossible to be either quantitative or objective in 
recording data.
As discussed in Chapter 2, the output of the SAM system is a function 
of the pressure amplitude of signals and the folloxtfing discussion is 
therefore based on pressures rather than energy. The requirement is
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to estimate the response of the system to a reflector in order that a 
subsequent estimate can be made of the smallest reflector that might 
be detected.
The analysis which follows assumes a diffraction limited system as 
discussed in Chapter 2, and the presence of plane circular reflectors 
perpendicular to the axis of the beam.
The analysis is based on detailed suggestions made by Dr. J.G. Rider 
of Surrey University and can be seen with reference to Figure 4.2. 
The spherical form of the focussing lens produces a focal region 
around the focal plane. The diameter of the central region is given 
by the classical equation for the Airy disc as discussed in Chapter
2. Similarly the distribution of amplitude anywhere on this disc is 
a classical result and most importantly, within the Airy disc all 
points are in phase with each other.
Figure 4.2 Concept of Defect Size Estimation Using Focal 
Plane Reflector Principle
If a reflector is now placed in the focal plane, centred on the axis 
of the lens, this acts as a diffracting aperture transmitting back 
towards the lens. Every point of this "secondary" transmitter is in 
phase with every other and their amplitudes are known as a function
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of their position within the Airy disc. A process of integration of 
these "secondary" Huygens sources situated in the focal plane enables 
the force they exert on the original acoustic lens to be calculated.
It is extremely difficult in ultrasonic analyses to work in absolute 
terms. It is more straightforward and certainly more practical, to 
define relative parameters, usually as a function of an empirical 
standard. This analysis enables the response of a reflector of 
arbitrary diameter to be calculated relative to that from one with 
the same diameter as the Airy disc; this latter diameter is an 
analytic function dependent only on the physical parameters of the 
system. Thus a response which relates back to a well defined 
standard can be calculated.
Consider the geometry set out in Figure 4.3.
F igure 4 *3  Geometry o f Focal Plane R e fle c to r  A nalysis
In Figure 4.3, F^ is the geometrical focus
F is the focal length of the transducer "".I/ , '
2a is the aperture diameter 
P is a point in the focal plane 
Q is a point on the transducer
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It is a standard result from Fraunhofer diffraetion^4^  that the
amplitude, ip , at P is equal to
^ = Aksin20o(J|(lcrsin0o ))
lcrsin0Q
(2)
where A a constant
lc =  2 tt/ A
J-^  = the Bessel function
0Q = the semi angle subtended by F^ at the transducer
i.e. sin 0Q = a/F
The first zero of amplitude in the focal plane occurs when lcrsin0Q is
equal to 1.22 it . That is
r 1 =  1.22 tt (3)
This is the classical radius of the Airy disc also derived in Chapter
2. (In Chapter 2, 0 Q is denoted by a). It is a property of the Airy 
disc that at all points within it the disturbances are in the same 
phase.
Suppose a plane disc reflector is placed in the focal plane centred 
on the axis of the lens. The radius of the disc is rQ and a 
condition is imposed that rQ < r p  i.e. the reflector diameter is not 
greater than that of the Airy disc.
Now suppose that the reflector consists of a set of Huygens secondary 
sources and each source generates an amplitude per unit area 
proportional to the amplitude due to the transmitting transducer, i.e 
each source has an amplitude proportional to
lcsin0o
Aksin20Q( J-b(krsin0Q) (4)
krsin0Q
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These Huygens secondary sources are all in phase with one another 
because the incident radiation from the transducer is in phase all 
over the Airy disc.
The amplitude at any annulus on the surface of the transducer, as a 
result of these secondary sources transmitting back towards the 
transducer, is given by adapting the classical analysis of Fraunhofer 
diffraction of a plane wave at a circular aperture^^ to allow for 
the fact that the amplitude across the aperture (the reflecting disc) 
is not constant.
To calculate the force on the transducer which gives rise to the 
output signal amplitude from the reflecting disc, the contribution of 
each annulus on the disc is calculated (remembering the disc is axio- 
symmetric) for each Q and each annulus on the reflector. The 
contribution of all the positions Q on the transducer is then 
calculated by integrating from 0 = 0 to 0o,the maximum angle 
subtended by the disc on the transducer.
Let Aq be the amplitude in an annulus Q. Then
Now the normal force amplitude, V, on the transducer is given by 
integrating Aq multiplied by the area of the annular surface element 
of the transducer and it is assumed that this force is proportional 
to the signal voltage. Then
( 5 )
p=o
where C = constant
P - r/rp pc = ro*ri
q = sin 0
sin 0o
0.O
0=0
( 6 )
- 93 -
The values of the various constants A and C have been ignored so far 
in this analysis. In practice they determine the absolute magnitudes 
of the quantities involved and are difficult to obtain. However, if 
the ratio of signal output from any disc reflector is compared to 
that from the output of a reflector of the same size as the Airy 
disc, whose size is known, then the need to obtain the values of the 
constants is removed, by simple cancellation.
A computer program has been developed and used to evaluate the 
integral equations for A q (Equation (5)) and V (Equation (6)) for a 
reflector whose size is equal to the Airy disc and then for any 
reflector whose size is some proportion of the Airy disc, but not 
exceeding it. The parameters of the transducer described in Chapter 
2 were used in the calculations. The results of these calculations 
are shown in Figure 4.4
Figure 4.4 Theoretical Transducer Output Amplitude as a Function of 
the Diameter of a Focal Plane Reflector 0dB Corresponds 
to the Signal from an Airy-disc-sized Reflector
The reflected signal from a disc of Airy disc diameter is used as the 
normalising factor and signals from reflectors smaller than this are 
shown logarithmically as decibel drops.
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The diameter of the Airy disc in water for the transducer used in the 
IF SAM is some 180 microns. Examination of Figure 4.4 shows that 
reflectors giving signals at, for instance, 30dB below those from a 
180 micron reflector are of the order of one tenth this diameter, 
i.e. 18 microns. This is an important hypothesis because, as shown 
in Figure 4.1, the critical size regime of defects in engineering 
ceramic materials is of this order. Efforts are at present in 
progress to generate an experimental verification of this 
relationship. That work will be the subject of a separate 
publication. However, results are presented in Section 4.1.9 which 
are relevant to this hypothesis.
The result in Figure 4.4 is based on the relationship between the 
diameter of a reflector and the diameter of the Airy disc associated 
with a particular configuration. The Airy disc diameter is a 
function of the ultrasonic frequency and the ratio of focal length, 
F, to aperture, d, of the lens. It was shown in Chapter 2 that the 
addition of a specimen to the system does not change the Airy disc 
diameter. However, either the limitation of the refracted angle of 
the rays at the outer edge of the beam to 40° or the limits set by 
critical angle effects, as discussed in Chapter 2, can limit the 
ratio of F/d. Table 2.3 shows some values of these F/d ratios for 
different material. The effect here of these limitations is to 
change the size of the Airy disc; the relative response function, 
Figure 4.4, remains unchanged. The critical-angle F/d ratio shown in 
Table 2.3 gives an Airy disc diameter of 0.32mm for Silicon Nitride 
in water. Thus Figure 4.4 can be reproduced with a scale indicating 
the relative amplitude of signals from reflectors whose diameters are 
proportions of this diameter of Airy disc, Figure 4.5.
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M i c r o n s
Figure 4 .5  T h e o re t ica l Transducer Output Amplitude as a Function 
o f  F oca l Plane R e fle c to r  Diameter in  S i l ic o n  N itr id e
When the transducer is positioned over the specimen there is a series 
of mechanisms which affect the absolute amplitude of the signal at 
the output of the system, i.e. the signal used for detection and/or 
imaging. These mechanisms include the insertion losses at every 
interface such as transducer to water, water to specimen and return 
routes to the transducer. Similarly there are attenuation mechanisms 
such as grain boundary scattering which influence the absolute 
amplitude.
However, if, as shown in Figure 4.6(a) the transducer is focussed on 
the back surface of a specimen of thickness, say d, such that a 
reflector at least the size of the Airy disc is created, then the 
amplitude of this signal becomes the normalising amplitude in Figure
4.5. All the loss mechanisms are taken into account in the 
generation of this signal to cause whatever absolute magnitude it 
might have.
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C o m p e n sa tio n Inspection
F igure 4 .6  Compensation f o r  Loss Mechanisms when In sp ectin g  
a t a Given Depth in  a S o lid
If the transducer is now moved to a thicker specimen of the same 
material without any change in the water path length then the focal 
plane will remain at depth d, now within the volume of the material, 
Figure 4.6(b). The loss mechanisms will remain constant and the 
amplitude of any reflectors can be referred to Figure 4.5. In 
conjunction with the knowledge of the Airy disc for the material, 
this relative measurement gives an indication of the reflector 
diameter.
The absolute limit on the detection of a defect is reached when the 
signal it generates is not greater than the inherent noise in the 
system, whether electronic or structural. A signal to noise ratio of 
6dB is required for reliable instrumented scanning and defect 
detection. This implies that if the signal from an Airy-disc-sized 
defect (or greater) gives a signal to noise ratio of some value SdB, 
then a signal some (S-6)dB smaller than this will be detected. This 
enables an estimate to be made of the smallest detectable feature 
given the signal to noise ratio which pertains in a particular 
inspection. If, for instance, a backwall echo in a Silicon Nitride 
specimen produced a signal of 40dB signal to noise ratio, then in
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principle features producing signals (40-6)dB, i.e. 34dB, smaller 
than this at the same depth should be detectable. From Figure 4.5 
this implies a reflector of some 24 microns in diameter.
It was stated earlier that the IF SAM does not yet make claim to be 
able to size defects. The assumption of plane circular reflectors 
oriented normal to the beam direction is clearly artificial and puts 
detection capability at its highest probability. In practice none of 
these conditions are likely to be met. However, the importance of 
the capability to detect reflectors a few microns in diameter, 
subject to the signal to noise ratio, is that a larger irregular 
reflector may well have a reflecting facet of this order of magnitude 
oriented reasonably normal to the beam, which would give rise to 
detection of the defect. Following this a more sophisticated sizing 
technique can be implemented.
This effect is analogous to the problem of concealing aircraft from
detection by radar because of "glint". The engine air intakes,
because of their bicurved geometry, have a high probability of 
reflecting some incident energy directly back towards the receiver;
this process is known as "glinting".
If the ultrasonic system is capable of detecting features in the 
regime of a few microns diameter, it is then a requirement to provide 
a scan pattern which creates as nearly a uniform ultrasonic field 
across the specimen as possible. The minimum step size in both the x 
and y axes is 7.5 microns and consequently by sampling the specimen 
at this resolution the optimum coverage is achieved. This defines 
the requirement for SAM. The software package which provides this in 
a practical manner is described in the following section.
4 .1 .6  Data Reduction  and Storage
The analysis of the previous section leads to the establishment of 
two criteria for satisfactory inspection of ceramic materials.
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1) The focal point of the beam must be translated in the x and y 
traverse directions at intervals of 7.5 microns by the scanning 
mechanism.
2) The amplitude of all reflections, plus the position coordinates, 
must be stored in memory.
Software to meet the first criterion is available as a standard 
feature of the SAM equipment. However, consideration of the second 
criterion leads to a requirement for substantial amounts of memory.
Consider a square matrix of sample points, 7.5 microns in separation. 
There are thus 17.7 x 10 samples in each square millimetre. The 
current generation of Silicon Nitride tiles being produced by UK 
industry and defence establishments ranges from 30mm diameter discs 
to 100 x 100mm square tiles. The storage requirement for these 
specimens would be 12.5Mbytes and 177Mbytes of data respectively. 
Whilst not inconceivable these are certainly unwieldy amounts of 
memory. There is therefore a need for a form of preprocessor to 
reduce the amount of data to be stored.
The means of data reduction by preprocessing comes from the 6dB 
confidence level. By definition, if any signal in the area of 
interest has a signal to noise ratio of 6dB or greater, it is of 
interest and should be stored. Equally, by definition, if there is 
no signal which provides the 6dB signal to noise ratio it is not of 
interest and there is no requirement to store it.
4 .1 .7  Operation o f  the Software
The requirement of Section 4.1.6 leads directly to an operational 
procedure implemented by software known as the Ceramics package; 
illustrated by a flow chart in Figure 4.7:-
a) The transducer is advanced to the next position through 7.5 
microns.
b) The gated A-scan is interrogated for signals of interest.
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c) If no signal of interest is present the transducer is advanced to
the next position on the raster and the process repeated.
d) If a signal exceeds the 6dB level its amplitude is digitised by
analogue to digital convertor to an 8-bit accuracy.
e) The amplitude and position coordinates for this data are stored 
in the core memory.
f) When the core memory is full its contents are transferred to a
disc store and the process repeated.
This procedure enables the scanning system to interrogate each of the
ft
177 x 10 samples on a 100 x 100 mm Silicon Nitride tile under 
automatic control.
The amount of data which finally has to be stored is a function of 
the defect population in a particular specimen. However, for the 
quality of material examined to date, no inspection has demanded a 
storage requirement exceeding 100 kilobytes.
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Figure 4.7 Flow Chart for Data Reduction Processor
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At the conclusion of a scan sequence the disc store holds a set of 
amplitude and position coordinate data points. Some of the features 
detected during the scan may consist of only one or two pixels 
(threshold crossings at a particular transducer position) or many 
thousand if the feature has substantial extent. The position and 
number of the recorded features has to be displayed. So that an 
assessment of which features are of interest may be made.
It is impossible to display all the features simultaneously on a 
computer monitor to the level of resolution at which they are stored. 
A reconstruction scheme has therefore been developed which enables 
the user to select a feature or area of interest, displayed at low 
resolution, and then to expand this to any desired extent up to the 
point where a pixel on the monitor represents a single 7.5 micron 
transducer movement.
The following sequence of figures illustrates the modus operandi for 
data reconstruction.
Figure 4.8 shows the starting point of the reconstruction. The 
processor has recalled the data from disc and provided an outline of 
the specimen onto which is superimposed every position at which 
significant data was recorded. These indications are not to scale.
4.1.8 Data Reconstruction
Figure 4.8 Low Resolution Reconstruction
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A rectangle is visible at the lower left corner. This is the 
magnification or "zoom" window. The window can be moved around the 
low resolution image using the direction keys on the computer 
keyboard and its size can be varied at will. Figure 4.9 shows the 
rectangle positioned around a group of features.
Figure 4 .9  Low R eso lu tion  Zoom Window in  P o s it io n
On command from the keyboard the processor now interrogates the 
information on disc specifically associated with the zoom window and 
displays each point in such a relative position that the window fills 
the monitor screen.
The shape of the features contained in this particular area can be 
seen in Figure 4.10 and, whilst this technique does not claim to 
"size" defects, images with many pixels will provide a reasonable 
representation of the morphology of the feature.
A further advantage of this type of data storage and reconstruction 
is that any data recorded is to an 8-bit precision. It is therefore 
possible to examine an area such as that shown in Figure 4.10 with 
various threshold levels and for subtle variations in signal 
amplitude.
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SAM
E n la r g e d  F e a tu r e
F igure 4 .1 0  High R eso lu tion  R econ stru ction  o f  the Area in  the 
Zoom Window
4 .1 .9  R esu lts
4 .1 .9 .1  D iffu s io n  Bonded M etal P la tes
This first set of results is not from ceramic material. However, a 
feasibility study for a U.K. company called for the detection of 
features of the same order of size as those of importance to 
ceramics, i.e. in the 10 to 1000 microns range. Two metallic test 
specimens were constructed to simulate the product to be evaluated 
and a series of features of known dimensions was incorporated. The 
specimens were then scanned in the SAM.
The study involved the determination of the integrity of a diffusion 
bond between two plates of a metal. Various fibres, foils and 
photolithographic stencils were put between the plates before the 
bonding process was begun. Figure 4.11 shows the arrangement of 
these before the overlay plate was added. The plates were then 
bonded using the HIP process described in Chapter 3.
Both specimens were C-scanned by the SAM after bonding and the 
results are shown in Figure 4.12. The scan width was 50mm and the 
images are a collage of individual storage files, each representing a 
50mm length of the specimen.
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The term "matchstick" is used to describe the four-point bend test 
specimens used for evaluating the strength and modulus of ceramics. 
The specimens are 3 x 3 x 67mra and resemble larger than average, 
black matchsticks.
Fulmer examined a range of these matchsticks as part of the work 
programme of the Advanced Ceramics for Turbines (ACT) club organised 
by the Harwell NDT Centre. Figures 4.13 and 4.14 show some typical 
results of the C-scans obtained from the ACT specimens. The scans 
were 5 x 5mm and the spatial resolution was therefore of the order of 
30 microns. The light (white) areas represent defects, probably 
voids which occur during manufacture.
4.1.9.2 Silicon Nitride Matchsticks
Figure 4.13 C-scan of a Section of a Silicon Nitride Matchstick
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(Figures 4.13 and 4.14 shown by courtesy of Harwell NDT Centre) 
Figure 4 .1 4  C -scan o f  a S ection  o f  a S i l ic o n  N itr id e  M atchstick
4 .1 .9 .3  S i l ic o n  N itr id e  D isc
One technique used to introduce defects of a known size into ceramic 
material involves placing nylon fibres into the powder precursor of 
the ceramic. On firing, these fibres burn out leaving cylindrical 
cavities through the material.
Examples of this type of specimen have been examined and the results 
from one of them are presented here. The specimen was 25mm diameter 
and 4mm thick. The results shown here are from a specimen sectioned 
along a diametral plane. The section showed the specimen was 
delaminating along a line 1.5mm below one of the surfaces, and 
parallel to it. This delamination was treated as a reflector of 
larger than the Airy disc diameter. Therefore the signal generated by 
this reflector was treated as the OdB reference signal, Section
4.1.5, Figures 4.4 and 4.5. The waveform of this reflection is shown 
in Figure 4.15. The first reflection is the front surface of the 
specimen and the second is from the delamination.
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Figure 4 .15  A-scan o f  a "Large" R e f le c to r  a t the In sp ection  Depth, 
(see  t e x t ) ,  Showing the Front Surface and R eference 
R e f le c t io n
The signal to noise ratio was 33dB. A waveform from a defect free 
area of material is shown in Figure 4.16 to illustrate the noise 
level; there is an order of magnitude change in sensitivity between 
Figures 4.15 and 4.16. The first reflection is from the front 
surface and the second is from the backsurface of the specimen.
-
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Figure 4 .16  A -scan Showing Front S u rfa ce , Back Surface and 
T y p ica l N oise Level
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The C-scan and Ceramics package were both operated with the black/red 
interface equivalent to a signal amplitude 6dB above the peak noise 
level. A typical defect signal at the limit of reliable detection, 
i.e. a signal to noise ratio of 6dB7is shown in Figure 4.17. This 
figure has the sampling gate superimposed to illustrate the region of 
sensitivity. Thus only the small signal appearing in the gate is 
measured; the large signals to the left and right on the A-scan 
(above and below in depth) are ignored by this scan.
28«V/DIU
S a m p lin g  G a te
6dB^ D e f e c t  
R e f l e c t i o n
lB8ns/DIV
b — i___ I i. JJ I  1 1 1 I 1 1------ 1___J------1------1------L
Figure 4 .17  A -scan o f  a S ign al o f  Amplitude such that the S ignal 
to  N oise R atio  i s  6dB
As described in Chapter 2 the dynamic range of the system can be 
varied. On this occasion the range from the red/black interface to 
the yellow/white interface was lOdB. Thus white areas on the images 
are at least 16dB above the noise level or conversely yellow areas 
are at least ((33 - (6+10))dB below the OdB reference level, i.e. 
17dB below the signal from the reference reflector.
A C-scan of the complete specimen is shown in Figure 4.18. The 
levels and gate were as described above and the scan range was 25 x 
25mm. The linear features formed by the nylon threads can be seen in 
addition to many other reflectors. To reiterate, the amplitude of 
the reflected signal is represented by colour, rising from black 
through to white corresponding to small to large amplitude.
Figure 4 .1 8  C-scan o f  Complete Specimen
Figure 4.19 shows an enlarged image of the region close to the cut 
edge of the specimen where the two linear features lie parallel to 
each other. The scan size of this image was 10 x 10mm.
Figure 4 .1 9  C-scan o f  a S ection  o f  F igure 4 .18
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The area close to the lower end of the right hand linear feature was 
scanned at a scan range of 3mm to further enlarge the high amplitude 
(white) reflector to the right of the large feature. This scan is 
shown in Figure 4.20.
Figure 4 .2 0  C-scan o f  a S ection  o f  F igure 4 .19
The Ceramics package described in Section 4.1.6 was also used to 
examine this specimen. As described in Section 4.1.6 the specimen is 
examined at 7.5 microns intervals but only data regarded as relevant 
is stored. "Relevant" is defined by a threshold level in the 
sampling gate.
The system was set up in this case to be identical to the C-scan 
settings which produced Figures 4.15 to 4.20. Thus the red/black 
interface represented a signal to noise ratio of 6dB within the gated 
region and the black/red to yellow/white dynamic range was lOdB.
Figure 4.21 shows the outcome of a Ceramics package scan at the end 
of the first reconstruction stage (Section 4.1.6). The "Menu" gives 
the user various options for handling the data, as described earlier, 
and the reconstructed image appears in the rectangle at the lower 
part of the screen. The area of this scan includes those shown in 
Figures 4.19 and 4.20, where two linear features approach the cut 
edge of the specimen.
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Figure 4 .2 1  Low R eso lu tion  R econ stru ction  Showing R e la tiv e  
P o s it io n s  o f  D efect In d ica tio n s
This image represents the relative position of recorded indications 
and gives an impression of the number of recordings in a given 
region. The cursor was moved around this image to the positions 
indicated to produce high resolution reconstructions of the data. 
Figures 4.22, 4.23 and 4.24 are the reconstructions as indicated on 
Figure 4.21.
A rea
Im aged
2 .4 1  x 2 . 72mm
Figure 4.22 High Resolution Reconstruction of Area
Indicated in Figure 4.21
-  113 -
Area
Imaged
1.54 x 1.36mm
Figure 4 .2 3  High R eso lu tion  R econ stru ction  o f  Area 
In d ica ted  in  F igure 4 .21
Area
Imaged
2.19 x 2.45mm
Figure 4 .2 4  High R eso lu tion  R econ stru ction  o f  Area 
In d ica ted  in  F igure 4 .21
The two linear features consist of tubular cavities from where the 
nylon fibres burnt out. These were both cut by the diametral 
sectioning and Figure 4.25 shows an optical micrograph of the two
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" h o l e s "  l y i n g  on the h o r i z o n t a l  c e n t r e  l i n e  o f  the specimen.  The 
d i amet er  of  each h o l e  was found to be o f  the order  o f  50 mi crons  in  
each c ase .
xl5
Figure 4 .25  O p tica l Micrograph o f  the S ection  o f  the 
S i l ic o n  N itr id e  Disk
4 .1 .1 0  D iscu ssion
This  s e c t i o n  has been concerned wi th the v o l u m e t r i c  i n s p e c t i o n  o f  
mat er i a l s  which are s e n s i t i v e  in thei r  performance to features  which 
cannot be detected by conventional  means. The c h a r a c t e r i s t i c s  of  the 
IF SAM, such as i t s  c a p a b i l i t y  to examine r e l a t i v e l y  l a r g e  a r e a s ,  
(hundred of  m i l l i m e t r e s ) ,  at high s p a t i a l  r e s o l u t i o n ,  ( l e s s  than ten 
microns) ,  in a manner which produces e a s i l y  as s i mi l at ed  data,  make i t  
eminently s u i t a b l e  for use in the examination of  these mat e r i a l s .
The f i r s t  p a r t s  o f  the s e c t i o n  d e s c r i b e d  the m a t e r i a l  p r o p e r t i e s  
which lead to this  s e n s i t i v i t y  to smal l  def ect s .  This was fo l l owed  
by a review of  current approaches to l o ca t i n g  and i de nt i f y i ng  defect s  
in ceramics.  An a n a l y s i s  of  the p r i n c i p l e s  on which the SAM operates  
was then presented.
-  115 -
Whilst the SAM is primarily a detection and location system, the 
analysis of Section 4.1.5 is leading towards a sizing capability and 
the results so far in this respect are encouraging, but further 
confirmatory work is required. Figures 4.11 and 4.12, for instance, 
demonstrate an imaging capability for features in the sub one 
millimetre range in which the spatial resolution can be gauged by 
simple optical versus ultrasonic image comparison. A surprising but 
satisfying result of this examination is the imaging of the lettering 
on one of the stencils. Whereas the other features of the stencils 
were apertures in the foil, the lettering was only embossed. Thus, 
on bonding, the metal bonded "through" the stencil apertures but 
could not have done so at the lettering. It is postulated the 
reflectivity of the foil is disturbed at each letter which results in 
a colour change on the O s  can.
The primary interest of these specimens is that features of the size 
of interest to ceramics were included, such as the various fibres of 
one hundred microns diameter or less. These were all detected and 
imaged and their linear shape and orientation outlined. Perhaps 
equally interesting (and possibly more significant for future work), 
are the considerable numbers of indications appearing in nominally 
undisturbed areas of bond. These often contain many pixels and 
therefore are not "noise" or spurious indications. Fulmer's customer 
may well have sectioned these specimens to investigate these small 
unintended areas as their potential significance was pointed out. 
However, the results of such examinations are not known by the 
author.
The ceramics examination work is progressing rapidly but the state of 
practical examination capability is not yet advanced enough for 
production examination of complex shapes. The work with the 
matchsticks, Figures 4.13 and 4.14, shows that the manufacturers of 
the material are also on a learning curve as far as producing defect 
free material is concerned. These specimens were not scanned with 
the highest resolution Ceramics package of the SAM but the C-scans 
clearly reveal a wide variety of sizes of defect. Work is now in
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progress to correlate these ultrasonic images with those provided by 
micro-focus X-radiography and ultimately all these results will be 
correlated with destructive tests.
This last comment introduces the single most difficult problem in 
ceramics inspection at this time. Whilst techniques are under 
development to detect, locate and identify these very small defects, 
it is not yet possible to create reference standards in a reliable 
manner. Some experiments have involved "seeding" defects^3,23 ^ into 
ceramics but the requirement is still to detect defects non­
destructive ly and then to section to obtain correlation between 
indicated and actual size.
The specimen examined and reported in Figures 4.15 to 4.25 represents 
one technique of providing the calibration defects required. The 
optical micrograph, Figure 4.25, shows that the technique does 
produce well-defined features within the material and further work 
should enable a range of sizes and positions to be obtained in a 
reliable and repeatable manner. However, as shown by all the 
ultrasonically generated images, there are several other features, 
many of which lead to high amplitude reflections.
The C-scan of the bisected specimen, Figure 4!8, shows the relative 
positions of the nylon fibres within the volume of material. There 
are a number of other features, notably the large area delamination 
at the edge of the specimen and several much smaller features. For a 
scan at 25mm scan range the sample is interrogated once every!56 
microns by the imaging system and consequently many small reflectors 
may appear as only one pixel or, worse, be missed altogether. As the 
scan range is reduced, the system resolution increases and the 
consequent detail is improved.
Figures 4.19 and 4.20 show the increasing amount of detail recorded 
as the scan range is progressively reduced from 25 x 25mm in Figure 
4.18, through 10 x 10mm in Figure 4.19, to 3 x 3mm in Figure 4.20. 
The sampling interval at 3mm scan range is 18 microns.
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In order to obtain the highest degree of spatial sampling the 
Ceramics package was used to produce the results shown in Figures 
4.21 to 4.24. These images represent the capability of the SAM 
system to record data and reconstruct it in a meaningful manner. 
Each pixel on these images represents an area 7.5 x 7.5 microns in 
extent and therefore a detailed picture of the disposition of 
reflectors is created.
Section 4.1.5 developed a model for estimating the size of a 
reflector as a function of the amplitude of reflection which it 
caused. This is an important start to the process of obtaining data 
on the condition of ceramic material xvhich is relevant to its 
performance. The data is generated on-line and recorded during a 
scan and an immediate indication of the extent of the reflector is 
provided. There are caveats at present; for example, the analysis is 
based on plane disc reflectors, however, the glint effect described 
in Section 4.1.5 means that detection and sizing are closely linked.
The system was set up using the A-scans shown in Figures 4.15 to 
4.17. The total system response to a reflector of Airy disc, or 
greater, diameter at the depth of interest showed a signal to noise 
level of 33dB. This is equivalent to the 0dB position in Figure 4.6,
i.e. the Airy disc-sized reflector. The minimum signal level at 
which reliable automatic detection can take place is 6dB above the 
noise level and so in this case signals of amplitude 27dB smaller 
than those from an Airy-disc reflector should be detectable. Figure 
4.17 shows the reflection from such a feature appearing in the 
sampling gate.
A signal at -27dB compared to the reference is shown by Figure 4.5 to 
be equivalent to 0.11 of the Airy disc. Thus in this case the 
reflector is equivalent to a plane disc reflector of some 35 microns 
diameter. Thus a transition from black to red implies an equivalent 
plane reflector of 35 microns diameter.
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The dynamic range of the scans, i.e. from blaclc/red to the 
yellow/white interface, is lOdB. Thus white areas on the images 
correspond to reflections some 16dB above the noise level, (or, 
equivalently, 17dB below the reference signal amplitude), and are 
therefore equivalent to disc reflectors of 64 microns on the basis of 
Figure 4.5.
There is thus a duality of information contained in the scans; 
firstly the pixel representation of 7.5 microns in each lateral 
direction and secondly the amplitude of reflection compared to a 
reference amplitude. Furthermore in the scans of the semi-disc, the 
diameter of the linear features is seen by optical examination to be 
some 50 microns and thus the indicated and actual response can be 
compared. It is interesting to note that the reflections from the 
linear cavities do not produce white areas on the images. It is 
postulated that circular cross-section cavities form reflectors which 
return energy to the transducer rather inefficiently, (this is 
discussed further in Chapter 5), and so their reflections do not 
correlate well with the calculated response. However, several of the 
isolated defects, such as those seen in Figure 4.24, do produce 
reflections at only 15dB below the reference and so are likely to 
contain plane elements, normal to the beam, of at least 50 microns in 
diameter.
These results represent a step forward in the ability to evaluate the 
quality of ceramic material. There is a great need for further work 
to establish the validity of the technique, particularly with respect 
to sizing and identification. There is, hov/ever, no doubt about the 
effectiveness in locating defects within the volume of ceramic 
material.
The results shown here have been concerned mainly with voids. The 
linear features were certainly cavities or voids in the material and 
it is clear from examination of the sectioned face of the disc that 
there was significant porosity in the material. If defects xtfith 
similar acoustic properties to the host ceramic are encountered then 
more sophisticated analytical procedures will be required to
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differentiate them. Possibilities in this direction include spectrum 
analysis and the use of analogue pattern recognition equipment such 
as that described in Chapter 3.
Suggestions for further development work in this area are discussed 
in Chapter 6 but meanwhile the equipment is being used to examine 
ceramic material on a daily basis, both for ceramics manufacturing 
organisations and for Government-sponsored research activities.
4 .2  The Use o f  IF SAM Techniques in  M edical D iagnosis
4 .2 .1  Background
Ultrasonic energy in the frequency regime of 1 to 5MHz can propagate 
through soft tissue with manageable attenuative losses^^. This, 
coupled with the differing acoustic impedances of different organs 
and tissue types, enables the scattering and reflection of ultrasound 
to be used as a medical diagnostic tool.
The methods and modes employed are many and various. The most well 
known are foetal scanning, in which the progress and health of the 
foetus can be monitored in utero, and cardiovascular scanning for 
monitoring blood flow patterns within the heart. There are, however, 
many other applications such as breast cancer screening, general deep 
body diagnostics, bone embrittlement studies and arterial blood flow 
measurements which contribute to form an enormous worldwide industry. 
The medical ultrasonics market in the United States alone is measured 
in hundreds of millions of dollars annually.
It is generally accepted that the frequency regime of a maximum of 
5MHz limits both lateral and depth resolution. There is, however, a 
severe problem of rapidly increasing attentuation if higher frequency 
ultrasound is propagated through body tissue. There has been 
therefore little opportunity for SAM techniques in the medical world. 
This situation is now changing however; in the same way that the IF 
SAM has been used with success on a variety of thin specimens in 
engineering, so it is now being used on thin material in the medical 
world. This thin material is the skin and its associated features.
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The skin is an important, complex, distributed organ which comprises 
up to 15% of total body weight. It provides an interface between the 
body and its environment. It acts as a mechanical and biological 
barrier against physical and chemical penetration and it performs a 
thermoregulatory function, effectively maintaining constant body 
temperature.
Perhaps as a function of their complexity, the skin and its 
immediately adjacent tissue layers, can suffer a variety of diseases 
in their own right. They can also be indicators of malfunctions 
elsewhere in the metabolic system. The doctrine of detecting and 
diagnosing these comes within the sphere of the Dermatologist. The 
IF SAM is becoming a useful adjunct to the range of diagnostic tools 
which a dermatologist can use.
The thickness of the skin varies according to its position on the 
body, and from individual to individual. However, it is always in 
the order of a few millimetres. The attenuation of 35-50MHz 
ultrasound is such that penetration to these depths is quite 
feasible, thus the resolving and imaging capabilities of the SAM can 
usefully be employed.
The current standard techniques for diagnostic purposes are visual 
and tactile examination followed by biopsy and histology, (the 
microscopic examination of a cross-sectional slice through the skin 
tissue). The difficulty with the first mentioned methods is the lack 
of subsurface information, whilst taking a biopsy is clearly 
distressing to the patient and, worse, it disturbs cell structures, 
possibly malignant ones. The advantage of ultrasound is thus clear; 
if a B-scan technique can be used, it may be able to provide 
information that a biopsy can provide but with none of the attendant 
risks or discomfort. It should be said that ultrasonics is not yet 
able to fulfil this function but in its present state of development 
it is providing useful information which can be correlated with 
traditional methods.^9,
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A sch e m a tic  c r o s s - s e c t i o n  o f  a t y p i c a l  area  o f  sk in  i s  shown in  
F ig u re  4 .2 6 (a ) . F ig u re  4 .2 6 (b ) shows an A -sca n  r e c o r d e d  by the SAM 
from  a m ale forearm . T h is  shows the r e f l e c t i o n s  from  the v a r io u s  
in te r fa c e s  w ith in  the near su rface  la y e rs . R e fle c t io n s  occur because 
o f  v a r ia t io n s  in  the p h y s ica l p ro p e rt ie s  o f  the t is su e  types through 
which the beam propagates. I t  might be expected  that s o f t  t is su e  and 
hard t is s u e , (such as bone), cou ld  be d istin g u ish ed . However, i t  is  
found that r e f le c t io n s  occur between alm ost a l l  types o f  t is su e  such 
a s , f o r  in s ta n c e ,  the derm is and su b cu ta n eou s f a t ,  o r  fa t  and 
u n d e r ly in g  m u s c le s . T h is le a d s  to  A -sca n s  o f  the form  shown in  
F ig u re  4 .2 6 (b ) where each  peak in d i c a t e s  an i n t e r f a c e  betw een  a 
d i f f e r e n t  type  o f  t i s s u e .  As w ith  any b i o l o g i c a l  system  th e se  are 
com plica ted  and in c lu d e  the major la y e rs  o f  epiderm is, dermis and fa t  
but a ls o  h a ir  f o l l i c l e s ,  b lo o d  v e s s e ls ,  sweat g lands and c o l la g e n  
f i b r e s .
4.2.2 Application of IF SAM Techniques
M u scle  F a c ia
(a)
E p id e rm is  D erm is S u b c u ta n e o u s  F a t  
(0.1m m ) (1.7m m ) (1.4m m )
(b)
58«V/»IU 58«ns'DIV
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Figure 4 .26  (a )  Schematic C r o ss -s e c t io n  o f  Healthy Skin
Showing the Various Layers 
(b )  A -scan from This Area o f  Skin
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The various thicknesses involved are indicated on the figure; the 
epidermis or outer layer is some 70 microns thick whilst the dermis 
is of the order of 1.7mm and the subcutaneous fat in the range of 1 
to 6mm depending on body position. As with all biological systems 
these figures can vary greatly with body position and the individual. 
However, taking the velocity of sound in tissue to be 1500ms it 
can be seen that frequencies in excess of 15MHz must be used to 
obtain adequate depth resolution.
Whilst the A-scan is an important source of information in its own 
right, particularly for layer thickness measurement, it also has 
importance as forming the basis of the B-scan. This is the 
generation of a cross-sectional image by combining a set of A-scans 
from adjacent transducer positions, as described in Chapter 2.
A typical B-scan of a normal forearm site is shown in figure 4.27. 
Indeed the A-scan shown in Figure 4.26 was one of the set used to 
generate Figure 4.27.
Figure 4 .27  B -scan o f  Normal Skin on Lower Forearm
The epidermal, dermal and subcutaneous layers can be distinguished; 
the image represents 8mm along the skin (vertically on the image) by 
3mm depth into it (horizontally on the image). The linear features 
are variously collagen fibres, blood vessels and hair follicles.
-  123 -
The depth of penetration of the image can be varied and Figure 4.28 
shows a similar B-scan but in this case the subcutaneous fat layer is 
shown in its entirety and a section of muscle fibre is included.
■V'fc - * f »"»
Figure 4 .28  B-scan o f  Skin, Subcutaneous Fat and Muscle F ibre 
on Upper Forearm
Figure 4.29 shows a reduced depth B-scan of a normal wrist. The scan 
length is the standard 8mm but in this case the penetration depth is
1.5mm. There are blood vessels close to the surface in this region 
and this image shows a cross section of a blood vessel within the 
tissue. The interior of a blood vessel tends to appear as a dark 
area on a B-scan image as blood does not reflect ultrasound, because 
it appears to energy at the wavelengths involved here, as an 
isotropic liquid. Thus there are no high amplitude signals to 
generate coloured pixels on the image from within the blood vessel.
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Figure 4 .29  B -scan o f  In s id e  W rist Showing a Blood V esse l C lose 
to  the Surface
4 .2 .3  D iagn ostics  Using the IF SAM
Whilst the images presented above are o interest to the 
dermatologist they form no more than refe .ences for normal 
conditions. The real use of this technique if in the detection of 
abnormalities. There are several diseases tha: can be diagnosed by 
monitoring changes in the skin, particularly i:* skin thickness, but 
more important is the examination of lesions and tumorous growths. 
These growths can form at any position within the skin but most 
commonly occur in the dermis. The size of such features is a 
function of their age but can typically be a few millimetres in 
extent by the time they are detected and the dermatologist can 
examine them.
Figure 4.30 shows two images from a tumour lying in the dermis. In 
this case the growth is extensive; some 20mm in extent and 10mm in 
depth. The image therefore only shows the periphery and outer 
surface region of the growth.
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Figure 4 .3 0  Two B-scans o f  a Non-malignant Tumour. The Images 
were Taken a t the Extrem eties o f  the Growth
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Another important area where IF SAM techniques can be applied is the 
assessment of burn and scar tissue. The plastic surgeon often has 
little knowledge concerning the subsurface condition of a burnt area 
and has to rely on his experience to determine the correct surgical 
procedures. Again biopsy, with its attendant difficulties, is the 
normal method of obtaining cross-sectional data. The SAM on the 
other hand can provide detailed and instant information over the 
whole area of burn damage thus enabling the surgeon to be quite 
specific about the correct treatment.
4 -2 .4  D iscu ssion
The in-vivo images obtained with the SAM appear to correlate very 
well with features in the skin. As such they have been welcomed by 
the clinicians who have used the equipment and made preliminary 
interpretations. The use of the combination of high frequency, 
linear scanning (B-scanning), and computer imaging has lead to a 
degree of image detail of the skin which was hitherto unattainable.
The use of the IF SAM in this application is fortuitous in the sense 
that the author developed the technique specifically for use in 
engineering problems. However, the technology transfers well to this 
medical application. Developments are now in hand to produce a SAM 
system specifically designed to be used by medically qualified 
personnel with a limited knowledge of instrumentation.
There is no opinion expressed by the author as to the interpretation 
of the images. This is a medical area in which the author has no 
qualification. However, the initial signs are that a great deal of 
information which is useful to clinicians is contained in the images. 
Studies to correlate ultrasonic and histological data are now being 
planned and further equipment developments are expected as one of the 
outcomes of that work. The particular areas of need are tumour and 
melanoma scanning where the traditional techniques of biopsy can 
cause dangerous disturbance of malignant cells. This is an area of 
advance which has been particularly welcomed by clinicians.
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5. THE USE OF THE IF SAM IN A THICKNESS GAUGING APPLICATION
5.1 In tr o d u c t io n
The d e s i g n  o f  a p a r t i c u l a r  b l a d e  in the gas t u r b i n e  i n d u s t r y  c a l l s  
f o r  a s e r i e s  o f  h o l e s  t o  be d r i l l e d  such that  they l i e  p a r a l l e l  to  
each other  and the b lade  su rfa ce . These are part o f  a c o o l i n g  system 
t h a t  e n a b l e s  t he  b l a d e s  t o  o p e r a t e  i n  a h i g h e r  t e m p e r a t u r e  
environm ent than oth erw ise  p o s s ib le .  The mater ial  i s  a n i ck e l  based 
su p e r a l l o y .  The diam eter o f  the h o l e s  i s  0.25mm and they are d r i l l e d  
on a 0.35mm p i t c h .  The geometry  o f  t h i s  i s  i l l u s t r a t e d  in F i gur e  
5 .1 .
B l a d e  T r a i l i n g  E d g e  
(Shown by cou rtesy  o f  Ro l l s  Royce Limited)
F igure 5 .1  Photograph o f  a Turbine Blade Showing the T r a ilin g  
Edge H oles and a Schematic o f  the Thickness to  be 
Measured
There is  a need to  ensure that the w a l l  th ickn ess between a h o l e  and 
an a d j a c e n t  s u r f a c e  does  not  f a l l  b e l o w  a p r e d e te r m i n e d  minimum 
va l ue .  In current designs thi s  minimum va lue  i s  0.1mm.
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The wall thickness could be gauged by viewing the blade optically 
with a calibrated eyepiece, but this is not a practical proposition 
for a production line. This, or any other operator-intensive 
approach, reduces the inherent integrity of the production process 
and in practice is unlikely to be able to handle the large number of 
components to be produced.
A means is required therefore to perform a gauging function on these 
blades with no operator intervention and at a rate commensurate with 
production rates.
There was no technique available to perform this function and 
consequently a development based on the IF SAM was undertaken. This 
chapter describes this development.
Two important criteria had to be considered. Firstly, side-drilled 
holes of this diameter, and in such proximity to other similar holes, 
were difficult to detect unambiguously with any technique other than 
the IF SAM. Secondly, such holes reflect ultrasound back to the 
transducer inefficiently (compared, for instance, to the quasi­
infinite parallel surfaces that are the normal subject of thickness 
gauging), thus leading to only one reflection from the hole, not the 
series of multiple reflections used by a conventional ultrasonic 
thickness gauge. Furthermore, reflections from the surface and hole 
may well be superimposed; these effects lead cumulatively to a 
difficult problem.
The development of the technique described in this chapter leads to 
the use of a concept known as the Cepstrum. The technique is based 
on analysis in the frequency domain and the Cepstrum is a means of 
obtaining information from the frequency domain in a more amenable 
form than is often the case. The Cepstrum has similarities with the 
autocorrelation function but is as yet little used for non­
destructive inspection and gauging. This work shows that there is a 
good case for its wider introduction especially as the power and 
relative cost of very high speed mathematical processors continues to 
fall.
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Most ultrasonic techniques for depth or thickness measurement operate 
on the principle of time of flight measurement. There are many 
approaches to the measurement of the time of flight of an ultrasonic 
pulse but all require the detection of the launch of the pulse and 
the time at which the return signal arrives back at the transducer.
In order to gauge the time delay between the arrival of the 
reflection from the surface and that from a subsurface reflector, the 
two signals must be separated in time. There are practical 
constraints which help to define what "separated in time" means when 
describing typical ultrasonic pulses. These are illustrated in 
Figure 5.2 which represents the A-scan from a surface and small 
subsurface reflector.
5.2 Time Domain Techniques
Figure 5 .2  Schematic Requirements fo r  Thickness 
Measurement in  the Time Domain
It has been found empirically during various studies at Fulmer that 
the time t, in Figure 5.2, must be at least equal to one wavetrain 
(or pulse) length, T, to enable automatic electronic instrumentation 
to be used.
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Table 5.1 shows the minimum separation of surface and subsurface 
feature (in this case the hole) that can be gauged on the basis of 
the above constraint. The velocity of sound in the superalloy is 
taken as 6000ms~L
Frequency Period 3 Cycle Duration Minimum Resolvable
(MHz) (ns) (ns) (mm)
50 20 60 0.36
100 10 30 0.18
150 6.6 19.8 0.12
200 5 15 0,09
Table 5.1 Minimum Measurable Depth as a Function of Frequency 
Assuming a Velocity of 6000ms”'
It has been found further that for reliable gauging, the signal to 
noise ratio, V, for the subsurface reflector and the noise level 
immediately around it must be at least three. The inefficiency of 
the side-drilled hole as a reflector sending energy back to the 
transducer can mean this is not the case.
It is apparent from Table 5.1 that an operating frequency of 200MHz 
could provide the required resolution.
There is however a further factor which has to be considered in the 
practical situation; the attenuation of the pulse in the water column 
between transducer and specimen.
It is difficult in practice to operate a system in which the total
(52)water path attenuation is greater than about 50dBv Figure 5.3
shows the attenuation versus water path for a range of frequencies
and the dashed line represents the maximum permissible path for any
(53 54)frequency assuming a 50dB limit s . The attenuation is reduced 
by a factor of 2 if the water temperature is raised from 25°C to 60°C 
but this is not regarded as practical in this case. Consequently 
this work, and all the other work in this thesis, is based on an 
ambient temperature of 20°C.
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The figure shows that the maximum water path at 200MHz is 6mm, which 
corresponds to a transducer/specimen separation of 3mm. There is, 
however, a practical constraint of a minimum transducer/specimen 
separation of 12mm, (caused by various projections from the 
component), which thus precludes a 200MHz operating frequency. In 
fact Figure 5.3 shows that the maximum operating frequency from the 
point of view of transducer/specimen separation is 100MHz.
W a te r  P a th  m m .
F igure 5 .3  A ttenuation  Versus Water Path fo r  Various Frequencies
There is thus a basic conflict inherent in the conventional time of 
flight technique; an operating frequency of 200MHz would provide the 
required gauging performance but is not practical in the industrial 
situation, the maximum practicable frequency on the other hand cannot 
provide the resolution as it is limited to 0.18mm, (from Table 5.1).
This conflict defines the requirement for an alternative approach; an 
upper limit of operating frequency at 100MHz but a relaxation of the 
constraints of Figure 5.1 concerning separation of the two 
reflections. The means to achieve this was sought in the frequency 
domain.
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The basis of this technique is the consideration of the surface and 
hole reflections as a single feature consisting of the superposition 
of two individual pulses. This composite feature is then analysed in 
the frequency domain and its characteristics related back to the 
physical situation.
In the following description the notation F[ ] is used to denote the 
Fourier Transform of a function f( ).
Suppose that the basic surface reflection is a time varying function 
represented by f(t). Suppose further that superimposed upon this is 
a second reflection, from a subsurface hole, which is similar in 
shape but of reduced amplitude and with a time delay. The function 
of this compound signal will thus be
5.3 Development of the Frequency Domain Technique
S(t) = f(t) + af(t-6)
where a is the amplitude reduction factor
<5 is the time delay
t is the time
(1)
The complex Fourier transform of this is
F[S] = F[f] + aeiw<5 F[f] (2)
where w is the frequency 
and i2 is -1
The power spectrum is defined as
P(w) = F[S] F*[S]
where * denotes the complex conjugate
(3)
Therefore
P(w) = (1 + a2 + 2acos to6 )PQ(w) (4)
where P0(w) is the power spectrum of the fundamental surface signal;
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Now if logarithmic spectrum scales are used this becomes
log10P((jo) = l o g (1 + a2 + 2 acos w6) + l°Sio ^
Thus the logarithmic power spectrum is split into two components, one 
corresponding to the fundamental surface signal and one representing 
the time delay and amplitude reduction of the second signal.
This process has the effect of superimposing a perturbation onto the 
spectrum of the surface reflection. A simple example illustrates 
this process. Consider a glass microscope slide. In Figure 5.4(a) 
the spectrum of the surface reflection is shown, whilst Figure 5.4(b) 
shows the spectrum of the surface plus backface reflection from the 
slide. The periodic perturbation of the latter spectrum is clearly 
visible.
that is, Pq (n) = F[f] F*[f] (5)
Figure 5 .4  (a ) Spectrum o f  Surface R e fle c t io n  Only
(b )  Spectrum o f  Surface Plus Backface R e fle c t io n
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From Equation (6) it is seen that this result is simplified further 
by a "normalisation" process involving the removal of the fundamental 
transducer response. This is achieved by recording the spectrum of 
the surface-only reflection log^QP0(w), Figure 5.4(a), and then 
subtracting this from the surface plus backface spectrum, Figure 
5.4(b).
Thus
H(o)) = log10P(w) - log10Po(w) = log1Q(l+a2+2acos6w) (7)
is obtained. This corresponds to the display of the perturbation 
signal only.
Figure 5.5 shows this process on the previous example shown in Figure 
5.4.
Figure 5 .5  Spectrum o f  Surface Plus Backface R e fle c t io n
Normalised by S u btractin g  Spectrum o f  S u rfa ce - 
on ly  R e fle c t io n
Whilst this is a relatively trivial case it illustrates the technique 
rather clearly. This form of output lends itself to instrumentation 
for instance in the form of zero crossing detection.
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The separation of the minima in the spectrum of Figure 5.5 is given 
by
AF = c (8)
2d
where AF = separation in frequency of two adjacent minima
c = velocity of sound in the material
d = surface to hole separation
Thus for a given velocity of sound , c, the separation in frequency 
of amplitude minima is an inverse function of the hole depth, d.
This variation of AF with separation is shown in Figure 5.6 in this 
case for the nickel based material in which c is 6000ms-1'.
T h ic k n e s s
Figure 5.6 Variation of Modulation Period with Thickness
This shows that when gauging a depth of 0.1mm in a material with 
velocity 6000ms a AF of 30MHz is produced. Thus in order to 
produce at least three minima so as to reduce measurement errors, a 
bandwidth of some 100MHz is required.
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There is a further interesting point to note. In the example of the 
glass slide in Figures 5.4 and 5.5, a, the amplitude reduction factor 
is close to unity, i.e. the front and back surface reflection are of 
similar amplitude. This gives rise to deep modulation of the 
fundamental spectrum and well defined minima. When dealing with a 
side-drilled hole, however, the ratio of amplitudes between the 
surface reflection and that from the hole can be as high as 30dB. 
This leads to a much less pronounced perturbation of the fundamental 
spectrum. Figure 5.7 shows the outcome of the same sequence of 
operations as in Figures 5.4 and 5.5 but in this case the sub-surface 
reflector is a 0.25mm diameter subsurface hole in a superalloy test 
block with a measured velocity of 6300ms""1. Clearly there is a high 
degree of ambiguity associated with the measurement of Af in this 
case.
d B / d i v i s i o n  v e r t i c a l
« 0  ©  S  M l  v i s i o n  l i o r  i r o n t a l
Figure 5 .7  Normalised Spectrum o f  a Surface Plus 
Subsurface Hole R e fle c t io n
There is thus a requirement for further refinement of the technique 
to enable AF, and hence d, to be measured at the extremes of 
sensitivity.
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Consider equation 7 again.
H(to) = log2Q(l+ct2+2acosw6) (9)
H(w) can be expanded as a power series in cos u>6 and then, by 
applying trigonometric identities to the powers of cos it may be
shown that
where aQ, ap a2, are functions of the amplitude reduction factor 
only, with aQ > a p  >a2 when« <1 as is the case here. This result 
suggests that the Fourier transform of H(w) would yield sharp peaks 
corresponding to 6, 26 , 36 and so on, with zero amplitude elsewhere.
In practice the power spectrum of H(w) is used and this has been 
defined^5^ ' a s  the Cepstrum, C(p), where
and the transform variable, denoted by p, has the dimensions of time. 
The Cepstrum may be defined as follows:
The Cepstrum C of a function is the power spectrum of the logarithmic 
powei- spectrum of the function.
The name "Cepstrum" is an anagram of "spectrum". The Cepstrum has 
many similarities to the more well-known autocorrelation function. 
The principal difference with respect to the autocorrelation function 
(the inverse transform of the power spectrum) is that in the case of 
the Cepstrum the first spectrum is logarithmically converted.
In general mathematical terms, if a time function is f(t), then the 
forward Fourier transform is
H(w) = aQ + a^ cosw6-f- a2cos2w6 + . . . (10)
C(p) = F[H]F*[H] (11)
F[f] (1 2 )
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and the power spectrum of f(t) is
P(u>) = F[f]F*[f] (13)
and the Cepstrum is
C(p) = F[log10P(w)]F*[log10P(oO] (14)
where C(p) is the Cepstrum of f
It will be seen however that in this case the Cepstrum referred to 
H(w) and therefore Equation (14) in this case is
C(p) = F[H(oj)]F*[H(w )] (15)
where, from Equation 7, H(w) is the logarithm of the ratio P(w)/Po(w).
The independent variable p is known as the Mquefrencyu^33\  and has 
dimensions of time. The peaks in the Cepstrum arise at
p = 6, 2 6, 3 6, ..... (16)
However, 6, the time delay between reflections is, from Figure 5.1
6 = (17)
c
therefore the peaks are at
cp = d, 2d, 3d, .... (18)
2
Thus if the Cepstrum is plotted with cp/2 as the absicca then the 
depth of the hole corresponds exactly to the first peak. Secondary 
peaks should occur, from Equation (18) at multiples of this value.
The Cepstrum of the normalised spectrum shown in Figure 5.7 is shown 
in Figure 5.8.
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H o r iz o n t a l  S c a le  0 .064m m /'D iv  
, I n d i c a t e d  D epth  0 . 26mmA
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Figure 5 .8  Cepstrum o f  the Spectrum Shown in  F igure 5 .7
The horizontal scale is 0.064mm per division and the hole depth is 
therefore indicated as 0.26mm. This correlates well with the 
optically measured depth of 0.25mm (by viewing the block "end on"). 
However, most importantly this data is presented in an easily 
interpretable form whether by observation or instrumentation.
The formation of secondary or multiple peaks, predicted by Equation 
(18), can be seen at multiple values of p, the independent variable 
in the Cepstrum transform.
The results shown in the previous figures were obtained using 
standard SAM ultrasonics. As pointed out earlier a depth of 0,1mm 
produces a AF of some 30MHz and therefore a bandwidth of 100MHz is 
required. Experiments have been performed with such equipment; the 
nominally 100MHz transducer produced a centre frequency at 65MHz at 
the specimen and the pulser/receiver had a 100MHz bandwidth. 
Precisely the same procedure was adopted but the spectrum analyser 
had a full scale range of 100MHz in this case rather than 50MHz in 
the previous examples.
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A typical result of these 100MHz experiments is shown in Figure 5.9. 
This is also a significant result in that it demonstrates measurement 
of a hole depth smaller than 0.1mm, thus achieving the original 
objective.
J.I3 d B ^ d i v i s i c n  v e r t i c a l
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(a )  Normalised Spectrum o f  Surface Plus Subsurface Hole R e fle c t io n
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Figure 5.9 Results of a Measurement Using 100MHz Bandwidth Ultrasonics
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As an indication of the response of the technique a Cepstrum from an 
inter-hole region is shown in Figure 5.10 where the superimposed hole 
reflection is absent and consequently the Cepstrum produces a 
significant peak at zero frequency only.
Horizontal Scale 0.032mm/Div
r  i i f" i r i i i i "i™ i i rTfi i i i i i i i i
F igure 5 .10  Cepstrum o f  a Betw een-hole P o s it io n  Showing Absence 
o f  H o le -r e la te d  Peaks
As stated earlier, this Chapter concerns a poorly reflecting feature 
which gives rise to only one reflected signal. The combination of 
the point focus ultrasonic beam and side-dri11ed-ho1e reflector 
precludes the formation of multiple reflections. However, it is 
interesting to explore the effect of multiples as most ultrasonic 
thickness gauging techniques rely on them to some extent and 
similarly become inoperable when superposition of the various 
reflections occur.
If the case of Equation (1) is extended to include one or more 
multiples the time function of the signal is of the form
S(t) = f(t) + af(t-6) + yf(t - 26) (19)
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This leads to the logarithmic spectrum
H(ci)) - log-j^Cl +a^ +y2 + 2a(l*f-y)cosU)S + 2ycos2w<5 (2 0 )
It may be shown that as in Equation (10)
H(oi) = aQ + a-^coswS + a2Cos2w<$ + a^cosSwd .... (21)
where in this case aQ, a2* , ... are functions of both a and y ,
amplitude reduction factors.
It is apparent that Equation (21) has exactly the same form as 
Equation (10) with peaks at
and therefore multiple reflections are treated in the same way as the 
single-reflection hole case.
Thus this use of Cepstrum analysis is generally applicable to all 
reflective gauging problems.
5.4 Experimental Arrangement
The analysis and subsequent technique development described in the 
last section was initiated by the capabilities of the IF SAM. The 
holes that require gauging are in close proximity to one another 
(0.25mm diameter holes on 0.35mm pitch) and it is therefore not a 
trivial task even to actually locate each hole individually let alone 
measure its "depth". However, the operating characteristics of the 
SAM are ideal for this task in both the positioning capabilities of 
the mechanical system and the ultrasonic characteristics of focus and 
bandwidth.
The following is a description of the modus operandi of a measurement 
as presently carried out.
cp = dj 2d, 3d ... (22)
2
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The test specimen consists of a nickel superalloy block (or an actual 
blade) containing a series of side drilled holes with varying 
surface/hole separations; these can be zero in which case 
breakthrough of the hole to the surface occurs.
The specimen is mounted in the SAM so that the axis of the beam is 
normal to the surface under which lie the holes. The holes are 
drilled at regular intervals along the horizontal direction.
The focal plane is adjusted to be of the order of 0.1mm beneath the 
metal surface (by selecting the appropriate water path). At present 
the positions of two adjacent holes are located manually using the 
SAM indexing facility. This can be achieved because although the 
surface and hole signal are often superimposed, the presence or 
absence of the hole signal can be detected quite readily. Having 
established the positions of two holes the transducer is positioned 
such that the beam falls mid-way between them.
Having set the transducer in the between-hole position the spectrum 
of the surface-only reflection is recorded using a spectrum analyser.
This is transferred via an IEEE 488 data link to the SAM control 
computer.
The transducer is next indexed to produce a maximum reflection from 
one of the nearest holes and the spectrum analysis and data transfer 
operation is repeated.
A software package takes over at this point; the surface-only 
spectrum is subtracted from the surface-and-hole spectrum and a 
Cepstrum analysis is performed on the resultant spectrum. The result 
is displayed on a computer monitor and printed out,
5 .5  R esu lts
Some of the most significant results of this topic are illustrated in 
Section 5.3, particularly the primary objective of measuring the
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depth of these difficult features at the order of 0.1mm. Table 5.2 
however tabulates some of the results from measurements on the test 
block.
Hole Number Optical Depth Measurement Ultrasonic Depth Measurement
(mm) (mm)
1 0.65 0.62
4 0.55 0.51
10 0.52 0.51
16 0.5 0.45
22 0.43 0.42
28 0.39 0.34
34 0.34 0.34
40 0.30 0.28
46 0.26 0.25
52 0.17 0.17
60 0.01 0.09
Table 5.2 Optically and Ultrasonieally Measured Hole Depth 
5.6 Discussion
This chapter has been concerned with a practical, production problem 
of measurement. This work on turbine blades w a s funded by Rolls 
Royce and is reproduced here by courtesy of them. Three aspects were 
causing difficulties for existing equipment and technology; firstly 
to get an ultrasonic beam of small enough dimension to isolate each 
hole, secondly to position the beam with sufficient accuracy over 
each hole, particularly with respect to a production environment and 
thirdly to obtain a depth measurement when dealing with small side- 
drilled holes close to the surface, this third aspect being a 
commonly acknowledged problem.
The SAM operates within the constraints of the first two of these 
difficulties in its normal mode and therefore proved the ideal base 
for the development of the techniques to overcome the measurement
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problem. The broad bandwidth of the ultrasonic pulses used in SAM 
also provided the basis of a technique using analysis in the 
frequency domain.
The results of the development have been welcomed by Rolls Royce and 
the system is now being incorporated into the production environment. 
Its primary task in that role will be to ensure that hole to surface 
separations do not fall below 0.1mm.
The development of high speed digital processors coupled to high 
speed analogue convertors will lead to a change in approach to this 
problem. At present an analogue spectrum analyser is used to obtain 
the power spectrum of the ultrasonic signals and a digital FFT 
performs the Cepstrum analysis; high speed electronics is 
increasingly indicating that the optimum procedure for the 
measurement system will be direct digitisation of the raw ultrasonic 
signal followed by a two-stage FFT procedure to obtain the Cepstrum. 
This is an attractive proposition as all the operations will 
effectively be under software control and within the central 
processor thus providing a flexibility and compactness that should 
enable the system to be used in a wide variety of applications.
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All the topics discussed in this thesis were introduced by customers, 
and potential customers, of Fulmer and therefore constitute practical 
problems within a wide variety of industries. The solutions to the 
problems described here have, in most cases, been laboratory 
demonstrations and proofs of concept but they have all indicated the 
way towards a practical solution to the customers needs. Much of the 
future work of the SAM is therefore associated with the development 
of laboratory successes into fully engineered products and processes.
The SAM as described here is based on a nominal operating frequency 
of 50MHz, and a microprocessor which is essentially a BBC Model B 
with a 6502, 8-bit processor. A natural progression is "onwards and 
upwards" in respect of both of these.
There is evidence that operating frequencies up to 150MHz will still
retain the essential elements of practicality, Figure 5.3, but
f 03 )provide increases in resolution in certain critical applications , 
such as the ceramics work described in Chapter 4. The attenuative 
losses associated with these higher operating frequencies will have 
to be taken into account and already there are plans to develop the 
equipment to generate and process the required ultrasonic signals. 
In particular the first step in this direction is an already-planned 
progression to 100MHz operating frequency. This will give a broader 
frequency base for the Cepstrum work of Chapter 5, for instance, and 
improved performance in some of the bonding problems of Chapter 3 and 
of course the critical areas of Chapter 4, the ceramics work. 
Furthermore, although still in the early stages of development, the 
medical system will benefit from this increase in frequency as there 
is a particular need in some forms of cancer to resolve layers within 
the epidermis and dermis, i.e. the first few hundred microns of 
tissue. Thus, although the problems of attenuation will be 
exacerbated, the target volume is coming closer to the surface and 
the belief is that a successful technique can be developed.
6„ FUTURE DIRECTIONS AND DEVELOPMENTS
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As customers experience the advantages of computer based systems with 
the attendant possibilities of long term, degradation-free archiving, 
accurate filing systems, visual images and data bases in the same 
equipment as typographical data, they are developing their own 
aspirations for some future directions of the equipment. One system 
was ordered with the request for an interface to a 100Mbyte mass 
storage system, already installed on the customer's site and this was 
readily accommodated via a standard RS432 data link. However, there 
is a growing requirement for a 16 or possibly even 32-bit central 
processor at the core of the SAM and one of the developments 
currently in progress makes use of an Olivetti system, selected for 
its compatibility with the IBM 16-bit operating procedures. It is 
most interesting however that the BBC is generally regarded as a more 
amenable item for this type of imaging application, with its origins 
influenced by graphics-related market forces. However, the more 
powerful processors do give access to high capacity, but spatially 
compact, disc stores and, for the future, the very large capacity 
storage optical medium "Write Once then Read Only Memories", where a 
Gigabyte of memory will be available in a desktop package. The 
implications of this in the medical field are enormous. Much of the 
work of the SAM will be concerned with tracking the growth of tumours 
over a period of time and the ability to recall earlier images in 
full detail for comparison and trend analysis will prove invaluable 
to the clinician. Similar techniques, albeit in a very different 
area, are expected to be used in the examination of fibre reinforced 
composites in aerospace structures. Many areas of slight damage 
occur from knocks, stone chips and tool impacts and at present these 
are thought not to be significant in respect of long term 
performance. However, the use of such materials in service rather 
than research roles is very new and the authorities are committed to 
monitoring the growth (or hopefully the lack of it) of these areas 
until confidence in the knowledge of the long term characteristics is 
built up. The ability to store a detailed image of such an area and 
recall it for comparison with an inspection after hundreds of hours 
of service is obviously attractive.
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Bond inspection is a subject of intense research worldwide and the 
literature is monitored continuously for new applications for the SAM 
in this area. No detailed reference has been made in this thesis to 
adhesive bonding of either metal or non-metal components but work is 
in progress to examine various aspects of this technology. The 
attributes of the SAM make it an ideal tool for research into both 
the evaluation of adhesives and adhesive systems per se, and also new 
methods of inspecting them. The work in both the time domain such as 
that described in Chapter 3, and in the frequency domain, Chapter 5, 
is proving to be of value in the area of adhesive bond evaluation.
The technology of silicon chip bond inspection is not changing 
signf iciant ly; at present the techniques appear sufficient ly wel 1 
developed. However, the emphasis is now on interpretation, (for 
second order effects in the bond-line), and the use of the SAM in 
production quality control as devices get larger and simultaneously 
handle more power. This area is being investigated thoroughly by 
British Telecom using the SAM supplied by Fulmer.
As described in Chapter 3, one of the earliest applications for the 
SAM was the examination of the uranium/Zircal loy bonds in the 
spallation neutron source target. This technique and its associated 
equipment remains in routine use and will presumably do so for the 
duration of the expected life of the Rutherford facility. At full 
operational level two complete targets per year are expected to be 
required for the next twenty years.
There are much wider implications for the Diffusion Bond Analyser 
however. The whole technology of diffusion bonding is expanding 
rapidly and at least for some aerospece applications the use of the 
SAM in bond evaluation is proving invaluable. The resolution and 
accurately repeatable imaging capability mean that batches of bonded 
components can be inspected and direct comparisons made, one with 
another. This work makes use of the SAM equipment but is not being 
carried out by Fulmer. At present the inspection procedure makes use 
of the C-scan approach but for automatic quality control there seems 
little doubt that the Diffusion Bond Analyser will have a significant 
role.
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The inspection of engineering ceramic material seems set to become a 
major activity for the non-destructive evaluation group at Fulmer. 
The reason is the basic practicality of the SAM system. The claims 
for quantitative success have been made with caution and there is 
still a great deal of correlation to be done between the various 
examination techniques, mechanical performance, sectioning and 
theoretical analysis. However, the throughput of material is 
significant and growing and a data base of ultrasonic response versus 
other parametric evidence is being built up. The non-destructive 
work is certain to grow in importance as material and component 
manufacturers move closer to products as opposed to prototypes. 
Furthermore, the difficulty of inspecting complex shapes to the 
resolution required for ceramic material will ensure that 
manufacturers strive to develop processes which do not produce 
defects. In order to gain confidence that they have achieved this, 
the manufacturers will need extensive correlation studies during 
process development so that they may judge their progress.
The attenuation and scattering losses associated with silicon nitride
and silicon carbide put a practical limit on ultrasonic frequency at
(23 )the order of 150MHz, for volumetric inspection' Thus the next
generation of the SAM, operating in the 100MHz regime will move 
closer to the optimum inspection frequency. This, coupled with the 
signal processing approach described in Chapter 4, will permit 
detailed examinations to be made with sufficient resolution to detect 
all defects of importance.
The potential for medical uses of the SAM techniques are enormous.
As described earlier there are requirements to evaluate diseases
within the dermis and epidermis and then on into the tissue of the
outer layers of the body as far as muscle and bone. The incidence of
skin disease constitutes the fastest growing problem area at 
(57)present' . This is particularly the case in the areas of the world 
where drug usage is high, through well developed health care 
networks, and the climate provides clear sunshine for a large 
proportion of the year. There is an unproven but emerging link 
between the solar ultra-violet irradiation level, drug intake and 
skin cancer. Such areas include much of Australia, the Middle and
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Far East and the southern United States. As the diagnostic potential 
of the SAM becomes realised the hope is that current and future 
developments of the equipment will find commercial application and 
contribute to the treatment of these diseases.
The immediate future is clear for the measurement technique described 
in Chapter 5. The motivation for the development was both a need for 
a production-environment measurement system and the realisation that 
no suitable technique was available. The particular capabilities of 
the SAM provided the basis for a development both in terms of 
positioning the interrogating ultrasonic beam with respect to each 
hole, and provision of the digital processing capability required to 
perform the frequency analysis. This system is now progressing 
towards the production environment through optimisation of the 
processing route and the form of hardware and software to implement 
it.
There is potential for this type of technique outside this particular 
application. The analysis of Chapter 5 shows that signals 
superimposed on each other, and situations where the internally 
reflected signal is many times smaller than the surface signal, can 
all be dealt with. Furthermore multiple reflections do not degrade 
the Cepstrum. This suggests that the technique could find useful 
application in thickness gauging material which cannot at present be 
measured using conventional ultrasonic techniques. A further 
application is corrosion monitoring where the reflections from small 
pits on the inside of a vessel or pipe give rise to weak reflections 
which are difficult to gauge in the time domain but can disturb the 
Cepstrum.
The experience and expertise gained during the developments so far 
undertaken using IF ultrasonic techniques have lead to an involvement 
in many new situations. It is one of the most satisfying 
characteristics of an independent research environment that 
irrespective of any preconceptions of market areas or direction of 
development, the most interesting problems are those which arrive 
"out of the blue" and are outside anything previously experienced. 
The SAM has proved invaluable on a large number of such occasions and
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its capability and versatility have been severely tested many times. 
Up to the present no failures have been recorded and there seems to 
be little doubt that problems involving new materials and situations 
will continue to provide interest and challenge into the foreseeable 
future for the SAM.
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